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Abstract 

The covalent double functionalization of graphene oxide (GO) is an effective approach to tune 

the properties of graphene-like materials. The first step is the ring-opening reaction of epoxides 

by amines, followed by the second step consisting on the nucleophilic addition reaction of GO 

hydroxyl groups to an α,β-unsaturated carbonyl compound. The benefit of doubly functionalized 

GO is to possess different functions, confirmed by measuring proton conductivity and 

supercapacitor performance. The proton conductivity can be improved by introducing sulfonic 

acid and redox-active functional groups on GO, while the capacitance for supercapacitor can be 

increased by introducing two distinct redox-active molecules. The current study evidences that a 

double functionalization allow to design a multifunctional GO platform as an electrolyte 

membrane for fuel cells and/or an electrode material for supercapacitors. 
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1. Introduction 

           GO and its derivatives have attracted considerable interest from academics and because 

they can be synthesized on a large scale with reasonable cost, and their functions can be 

improved by chemical treatment through modification of their oxygenated functional groups 

[1,2]. The applications of functionalized GO have been actively investigated for the development 

of new types of transistors [3], transparent electrodes [4], sensors [5-7], polymer composites [8-

10], ultrastrong materials [11], electrocatalysts [12-14], and energy storage devices [15,16]. 

Covalent derivatization of GO sometimes causes simultaneous reduction GO while preventing 

stacking of GO layers [17]. Esterification of the carboxylic acids [18], reaction of the carboxy 

and hydroxy groups with isocyanate derivatives [19], Williamson reaction [20], silanization of 

the hydroxy groups [21], Claisen rearrangement [22], and ring opening reaction of epoxides [23] 

have been developed for GO functionalization. GO have a limited amount of carboxyl groups at 

the edges, which may lead to low level of functionalization. In contrast, basal plane 

functionalization is more desirable to introduce as many functions as possible. In this context, 

nucleophilic addition to epoxide [24], and functionalization of hydroxyl groups [25], have been 

widely investigated.  

Besides monofunctionalization of GO described above, covalent double functionalization allows 

the attachment of additional target molecules stepwisely. Only a few strategies for the covalent 

double functionalization of GO have been reported so far. Some studies developed the 

combination of epoxide ring opening and Steglich esterification of carboxyl group [26], or the 

combination of epoxide ring opening and Michael addition [25, 27]. The previous studies 

evidenced that the double functionalization of GO can introduce various functional groups, but 

targeted applications have not been explored in detail. In this work, we focused our attention on 

the covalent double functionalization of GO to tune its electrochemical properties and applied for 

the preparation of advanced electrode materials. To this end, two different organic molecules 

with specific functions were introduced onto GO using a stepwise covalent double 

functionalization. The first step consisted of the ring-opening reaction of epoxide groups of GO 

with amino compounds, while the second step involved the nucleophilic addition of hydroxyl 

groups on GO to an α,β-unsaturated carbonyl compound. The advantage of this strategy was 

confirmed by measuring proton conductivity and capacitance for supercapacitor. The proton 

conductivity was improved by introducing sulfonic acid and redox-active functional groups onto 



GO, while the capacitance for supercapacitor was increased by introducing more redox-active 

molecules.  

 

2. Experimental section 

2.1. Chemicals and materials 

      Natural graphite flakes (99.8%) were obtained from Alfa Aesar. 1,4-Benzoquinone, methyl 

vinylketone, propylamine and aniline weres obtained from Tokyo chemical industry Co., Ltd. 

Toluene was obtained from Kanto chemical co. inc. Potassium permanganate (KMnO4), sulfuric 

acid (H2SO4, 96%), ethanol, sodium azide, acetic acid, tetrahydrofuran, 1,4-naphthoquinone and 

sulfanilic acid were obtained from Wako Co., Ltd. All reagents and solvent were used as 

received. 

 

2.2. Synthesis of 2-amino-1,4-naphthoquinone 

       The synthesis was performed following the reported method [28]. A round-bottom flask 

equipped with a magnetic stir bar was charged with 1,4-naphthoquinone (2.37 g, 15 mmol, 1.0 

equiv.) and H2O/THF (1:4, 50 mL). To this solution, a solution of sodium azide (2.93 g, 45 

mmol, 3.0 equiv.) and acetic acid (3 mL) in distilled water (8 mL) was added and stirred at room 

temperature. After 7 h, the reaction was concentrated in vacuo and the residue was dissolved in 

ethyl acetate. The resulting solution was washed with 1 M NaOH, extracted with ethyl acetate, 

and washed with saturated NaCl. The organic layer was dried over MgSO4 and the solvent was 

removed in vacuo. The crude residue was purified by silica gel column chromatography 

(hexane/ethyl acetate = 1/2) to give 2.3 g (89%) as a brown solid. 1H-NMR (400 MHz, CDCl3):  

7.94 (dd, J = 7.15, 19.70 Hz, 2H), 7.82 (dt, J = 1.00, 7.53 Hz, 1H), 7.69 - 7.76 (m, 1H), 5.82 (s, 

1H).  

 

2.3. Synthesis of graphene oxide (GO) 

      Graphite powder (100 g) was dispersed into concentrated H2SO4 (2.5 L). After cooling the 

mixture in an ice bath, KMnO4 (300 g) was added, and the reaction mixture was kept below 

55 °C. The mixture was stirred at 35 °C for 2 h to complete the oxidation process. Next, 

deionized water (5 L) was slowly added, and the temperature was kept below 50 °C with 

continuous stirring, then H2O2 (30% aq., 250 mL) was added into the mixture. Finally, the brown 



crude graphite oxide was purified by performing 10 times centrifugation, affording GO. 

Concentration of GO was measured by drying the GO dispersion under vacuum at 50 °C. The 

size of obtained GO was 2 µm [29].  

 

2.4. General procedure for the synthesis of GO 1 and GO 5 

       In a typical procedure, aniline or propylamine (1 mL) was added dropwise to the suspension 

of GO in water (250 mg L−1, 400 mL) under vigorous stirring. The GO The resulting mixture 

was stirred for additional 24 h at room temperature, then filtered and thoroughly washed with 

ethanol and water several times. The obtained solid was freeze-dried for two days. 

 

2.5. General procedure for the synthesis of GO 2a-c, GO 4, GO 6, GO 7, and GO 9 

      To a dispersion of GO (40 mg) in toluene (5 mL), a solution of the α,β-unsaturated carbonyl 

compounds (300 mg) in toluene (10 mL) was added. The mixture was refluxed for 36 h at 

112 °C with constant stirring. After completion of reaction, the mixture was filtered and washed 

with water and toluene several times, respectively. The sample was then dried under vacuum for 

two days at 50 °C. 

 

2.6. Synthesis of GO 3 and GO 8 

     In a typical procedure, the compound with the primary amine function (300 mg) was 

dissolved in 30 mL ethanol and then added to GO aqueous dispersion (10 mL, 10 mg mL-1, 100 

mg). The mixture was sonicated for 1 h to get a homogeneous dispersion. The dispersion was 

refluxed for 48 h and purified by centrifugation and washing (ethanol and then water, 3 times 

each). The product was finally freeze-dried for two days. 

 

2.7. Instruments and measurements 

      The functional groups on the surface of GO were analyzed using a Fourier transform infrared 

spectrometer (FT-IR, SHIMADZU, IR Tracer 100), (KBr pellet). The elemental compositions 

were determined by X-ray photoelectron spectroscopy (XPS). The XPS was carried out on a 

JPS-9030 with a pass energy of 20 eV. 

The electrochemical behavior of prepared samples was measured using three electrode system. 

In the three-electrode system, the platinum foil and Ag/AgCl electrode were used as the counter 



electrode and reference electrode, respectively. The working electrode was fabricated by mixing 

electrode material (4 mg) and carbon black (0.7 mg) in 0.4 mL Nafion solution, which is 

sonicated for 1 h to make fine dispersion. Then, 3 μL of the above suspension were dropped 

using a pipet gun onto the glassy carbon electrode (3 mm) and completely dried at 50 °C for 1 h 

under vacuum. The electrochemical performance was measured in a potential range of -0.6-0.8 

V, with a scan rate of 50 mVs-1. All electrochemical experiments were performed in 0.5 M 

H2SO4 aqueous electrolyte. The specific capacitance (C (F g -1))  of the supercapacitor was 

calculated from the discharge curve according to the following formula: 

                                                     C = ( I × Δt )/(m × ΔV) 

where I is the constant current in discharging, m is the mass of active material on the working 

electrode, Δt is the discharge time, and ΔV is the voltage change during discharge. 

For proton conductivity, the sample was pressed into 10 mm diameter pellets. The thickness of 

the pellet for GO 4 and GO 6 was 0.414 mm 0.25 mm, respectively.  The sample electrode was 

sandwiched between the two stainless steel spacers and assembled [30]. The electrochemical 

impedance test was conducted at a frequency range of 1000 kHz to 1 Hz at 0 V with an AC 

perturbation of 10 mV. The proton conductivity was measured by following by equation: 

                                                        σ = ( L )/(Z .A)   

where σ is the proton conductivity, L is the thickness of the electrode, Z is impedance value and 

A is the electrode surface area. 

 

3. Results and Discussion 

3.1. Functionalization of GO 

       Initially, GO (Fig. S1) was functionalized by simple organic molecules to optimize the 

double functionalization conditions. The first step consisted of the reaction of propylamine with 

the epoxide groups of GO [31-33], allowing to introduce the first functionality and to generate 

more hydroxyl groups (Fig. 1a), which subsequently reacted with α,β-unsaturated carbonyl 

compounds such as methyl vinyl ketone (a), 1,4-benzoquinone (b) and 1,4-naphthoquinone (c) 

(Fig. 1b) [27].  

 



 

Fig. 1. Synthesis of covalent double functionalized GO. The asterisks indicate the atoms forming the covalent bond with the OH 

function of GO. The Michael product of methyl vinyl ketone (GO 2a) may form C-C or C=C bond, while the products derived 

from benzoquinone (GO 2b) and naphthoquinone (GO 2c) are autoxidized to quinone structure, forming C=C bonds. All OH 

groups can potentially react in the second step. However, only one functionalized OH group is shown for simplicity. 

 

The prepared materials were characterized by X-ray photoelectron spectroscopy (XPS), Fourier-

transform infrared spectroscopy (FTIR), and cyclic voltammogram (CV).  

The XPS survey analysis showed that propylamine-functionalized GO (GO 1) contained carbon, 

oxygen, and nitrogen (Fig. S2). The amount of oxygen in GO 1 was decreased by 

functionalization (Table S1), which is indicative of a reduction of GO during amine 

functionalization, as previously reported [33]. The high-resolution XPS analysis of N 1s peak in 

GO 1 appeared at 399.5 eV, attributed to the newly formed N−C bond, thus confirming the 

amination through epoxide ring-opening reaction (Fig. S3a) [34].  

The functionalization of GO 2a-2c was also confirmed by the high-resolution C 1s XPS analysis. 

The XPS spectra of GO 2a-2c showed that the peak related to C=O group was increased due to 



the introduction of quinone molecules (Fig. 2a (ii-iv)). The percentage of C=O bonds in GO 1 

changed from 4.1% to 5.2%, 6.1%, and 5.9% in GO 2a, GO 2b, and GO 2c, respectively (Fig. 

2b) [27,35]. These changes could be explained by the grafting of α,β-unsaturated carbonyl 

compounds onto GO.  

The surface functional groups of GO, GO 1 and GO 2a-2c were further confirmed by FTIR 

analysis (Fig. 2c). The weak peak at 1250 cm-1 was attributed to C-N bond, which confirmed the 

chemical modification of GO 1. As compared to pristine GO, absorbance related to OH bending 

(at 1380 cm-1) was increased 1.4 times in GO 1, confirming the ring opening reaction of epoxide 

[27]. The absorbance of the OH bending was decreased in GO 2a-2c, as compared to GO 1, 

suggesting the consumption of the hydroxyl groups by the second reaction. A peak at 1726 cm-1 

can be observed in the FTIR spectra of GO 2a-2c, assigned to the C=O group, related to the 

attachment of quinone molecules. A peak at 1726 cm-1 can be observed in the FTIR spectra of 

GO 2a-2c, assigned to the C=O group, related to the attachment of quinone molecules. All these 

changes confirmed the attachment of α,β-unsaturated carbonyl compounds a, b, and c after the 

epoxide opening (Fig. 2c) [38,39].  

To further confirm the double functionalization by Michael addition, CV measurements were 

performed (Fig. S4).  CV is sensitive to the redox-active molecules [40]. The CV curve of GO 

2a showed no redox peaks, while the CV curve of GO 2b and GO 2c exhibited the expected 

redox peaks. The redox peaks for GO 2b and GO 2c appeared at different potentials [41,42].  

The redox potentials of molecules change with a change in the molecular structure [43].  

 



 

Fig. 2. (a) High-resolution C 1s XPS spectra of (i) GO 1, (ii) GO 2a, (iii) GO 2b, and (iv) GO 2c [36,37]; (b) table for the 

quantitative analysis of high resolution C 1s XPS spectra of GO 1, GO 2a, GO 2b, and GO 2c; (c) FTIR spectra of (i) GO, (ii) 

GO 1, (iii) GO 2a, (iv) GO 2b, and (v) GO 2c. The peak associated with C=C bond was used for normalization. 

 

 

  



3.2. Double functionalization of GO for improved proton conductivity 

      To show the usefulness of double functionalized GO, we decided to introduce two different 

active functions onto GO. GO was first functionalized with sulfanilic acid through epoxide ring-

opening reaction leading to conjugate GO 3, followed by the addition of benzoquinone 

(conjugate GO 4). In this case, sulfanilic acid acts as a proton conductor [44], and benzoquinone 

act as redox-active site. For comparison, a non-proton conductive aromatic amine, namely 

aniline, was covalently linked to GO (conjugate GO 5), followed by the addition of 

benzoquinone (conjugate GO 6) (Fig. 3). The prepared materials were analyzed by XPS (see 

details of the characterization in Section 2 of the Supporting Information). 

 

Fig. 3. Synthesis of GO 3, GO 4, GO 5, and GO 6. For simplicity, only one epoxide ring is opened in GO 3 and GO 5 and one 

hydroxyl group is derivatized in GO 4 and GO 6. 

 

The proton conductivity was evaluated by electrochemical impedance spectroscopy (EIS). The 

Nyquist plot of GO 4 and GO 6 showed three types of resistance, R, R1, and R2 (Fig. 4a and 4b). 

The proton conductivity was calculated from the R values given by the electrical circuit (Fig. S9) 

and considering the pellet thickness and surface area. The R value for GO 4 was 7.0 Ohm (inset 

in Fig. 4a), while the R value for GO 6 was 509.4 Ohm (inset in Fig. 4b). The proton 

conductivity of GO 4 and GO 6 was 7×10-3 S cm-1 and 6×10-5 S cm-1, respectively. These results 

indicate that GO 4 has a higher proton conductivity, which may be due to the fast ion 

transportation facilitated by the presence of sulfonic acid functional groups [45]. The proton 



conductivity of GO 3 was also measured. The R value of GO 3 was 11.0 Ohm (Fig. S10). The 

proton conductivity of GO 3 was lower (4×10-3 S cm-1) than GO 4. This behavior is likely due to 

the fact that the redox-active functional groups (e.g., 1,4-benzoquinone, hydroquinone) can 

support the ion transformation, which locates vicinal to proton conductive moieties.  

 

Fig. 4. Impedance spectra of (a) GO 4 and (b) GO 6. 

 

3.3. Double functionalization of GO for enhanced capacitance  

      To show additional advantages of double functionalized GO, we introduced two similar 

functions onto GO to increase the performance for supercapacitors. Functionalized carbon 

materials with redox-active molecules have been applied for sensors [46], supercapacitors [47], 

and batteries [48]. Here, we introduced 2-amino naphthoquinone and benzoquinone onto GO 

(GO 8) using the stepwise covalent double functionalization method (Fig. 5a). For comparison, 

mono functionalized GO with 2-amino naphthoquinone (GO 7) and benzoquinone (GO 9) were 

prepared (Fig. 5b). The prepared materials (GO 7, GO 8, and GO 9) were confirmed by XPS 

analysis (see details of the characterization in Section 3 of the Supporting Information). 

The electrochemical behavior of GO 8 was evaluated by CV measurements, comparing those of 

GO 7 and GO 9. GO 8 showed oxidation peaks at 0.17 V and 0.54 V, and reduction peaks at 

0.10 V and 0.50 V (Fig. 6a-ii), respectively. Similar peaks were observed for mono-

functionalized GO 7 (oxidation peak at 0.15 V and a reduction peak at 0.12 V) (Fig. 6a-i) and 

GO 9 (oxidation peak at 0.53 V and a reduction peak at 0.51 V) (Fig. 6a-iii). These results 

suggest a successful functionalization of GO with two different quinone-based molecules. 



Furthermore, the CV curves suggest that GO 8 has higher capacitance than GO 7 and GO 9. 

This enhanced capacitance is due to the introduction of more quinone molecules, confirming the 

advantage of the covalent double functionalization. When the CV curves of GO 8 were acquired 

using different scan rates, all the curves maintained their shape, indicating a stable capacitive 

behavior of this conjugate (Fig. S15). The electrochemical performance of GO 8 was also 

compared with GO 2b (GO functionalized by a simple amine, followed by the attachment of 

benzoquinone). The CV curve of GO 7 demonstrated higher electrochemical performance than 

GO 2b (Fig. S16). Next, the rate capabilities of GO 7, GO 8, and GO 9 were measured at 

different current densities (1 A g-1, 3 A g-1, 5 A g-1, 10 A g-1, 20 A g-1, and 30 A g-1). The specific 

capacitance of GO 7, GO 8, and GO 9 was 100 F g-1, 254 F g-1, and 154 F g-1, respectively, at a 

current density of 1 A g-1 (Fig. 6b). GO 8 showed higher specific capacitance than GO 7 and 

GO 9, due to the introduction of more redox-active functionalities onto GO surface. Fig. S18a 

shows that the galvanostatic charge/discharge curves of GO 7, GO 8, and GO 9. GO 8 was 

endowed of a stable capacitance in comparison to GO 7 and GO 9. The nonlinear 

charge/discharge curves indicate a pseudocapacitive behavior of GO 8. These results suggest 

that stepwise covalent double functionalization successfully introduced more functionalities onto 

GO and enhanced the supercapacitor performance. 



 

Fig. 5. Synthesis of (a) doubly functionalized GO 8; (b) mono functionalized GO 7 and GO 9. For simplicity, only one epoxide 

ring is opened and one hydroxyl group is derivatized in GO. 

 

Fig. 6. (a) CV profile of (i) GO 7, (ii) GO 8, and (iii) GO 9, at a scan rate of 50 mV s-1; (b) specific capacitance of (i) GO 7, (ii) 

GO 8, and (iii) GO 9 as a function of current density. 

 

4. Conclusions 

   In this study, we introduced a series of organic molecules onto the surface of GO by using a 

stepwise covalent double functionalization. In the first step, the aminated compounds were 



reacted with the epoxide groups onto the basal plane of GO. The mono-functionalized GO, 

containing more OH groups than pristine GO, was then conjugated with α,β-unsaturated 

carbonyl compounds. This strategy has two advantages: 1) two different functions, and 2) more 

functions can be introduced. In this paper, we also explored the possibility of endowing GO with  

acidic and redox properties, aiming at the development of proton conductive electrode materials. 

As a result, high proton conductivity was obtained using a single material GO 4. Furthermore, 

redox-active quinone molecules were twice introduced, aiming at the synthesis of high 

capacitance electrodes. The improved capacitance was observed by doubly introducing quinone 

molecules to GO (GO 8). Overall, this research evidence that the double functionalization 

strategy is effective in preparing multifunctional materials for different applications. 
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