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Grafting redox-active molecules on graphene oxide through 
diamine linker: the length optimization for electron transfer  

Rizwan Khana,b and Yuta Nishinaa,b* 

A Redox-active molecule is grafted on graphene oxide (GO) via successive reactions. In the first step, GO is modified with 

diamine, which acts as linker for the redox-active molecule. In the second step, the redox-active molecule is attached to the 

amino group of the linker by amide bond formation. Through these processes GO is partially reduced, enhancing its 

electrochemical properties. The structure of the functionalized GO is characterized by XPS, TGA, FTIR, and CV, and applied 

for electrodes in supercapacitor (SC). The distance and direction of the redox-active molecule on the electrode affect the SC 

performance; ethylene diamine is the most promising linker to efficiently transfer electrons from the redox-active molecule 

to the electrode surface.

 

Introduction 
In the last two decades, graphene has been widely investigated 

as an electrode material for SCs.1-4 SCs are electrochemical 

energy storage devices that assure outstanding power density5 

and cycling stability.6 SCs can be classified into two types: 

electric double-layer capacitor (EDLC) and pseudocapacitor. The 

energy storage mechanism of the EDLC involves a simple charge 

separation at the interface between the conductive electrode 

and the electrolyte. EDLC is quite stable, however, specific 

capacitance is lower than other energy storage systems, such as 

Li-ion batteries.7,8 In contrast, specific capacitance of the 

pseudocapacitor is higher than that of EDLC, but gradually 

decreases because of the faradic transformation of capacitive 

electrode materials by gradual degradation.9 Graphene is a 

promising electrode component because it has a large surface 

area,10–12 excellent electrical conductivity,13,14 and high 

mechanical strength.15,16 For the pseudocapacitive material, 

redox-active small organic molecules are attractive in terms of 

structural diversity, ease of synthesis, and handling.17,18 

Combination of graphene and a redox-active molecule is 

desirable to enhance the overall capacitance and cycling 

lifetime by taking full advantage of EDLC and pseudocapacitor. 

Various composites of graphene and redox-active molecules 

with covalent and non-covalent interactions have been 

synthesized, and high capacitance has been achieved. The non-

covalent interaction between redox-active molecules and 

graphene is weak and molecular dissociation occurs easily.19,20 

Therefore, in this study, we focused on the covalent bond formation 

between redox-active molecules and graphene. In the previous 

researches, catechol,21 2-aminoanthraquinone,22 or 

anthraquinone23,24 was covalently functionalized on graphene 

without linker molecules. Recently, we reported the covalent 

functionalization of polymer on graphene via a 1,3-diamino propane 

linker and achieved stable electrochemical performance.25 In the 

previous research, however, the length of the linker molecule was 

not optimized. In the present study, redox-active molecules were 

functionalized on graphene through a series of linker molecules by 

amide bond. The length of the linker molecules was optimized for SC 

application. 

 

Experimental section 
Chemicals and materials 

Natural flake graphite was obtained from Bay Carbon Inc. 

Ethylenediamine, 1,3-diaminopropane, 1,4-diaminobutane, 

1,5-diaminopentane, 1,6-diaminohexane, triethylamine, 

anthraquinone 2-carbonyl chloride were obtained from Tokyo 

Chemical Industry Co. Ltd. Potassium permanganate (KMnO4), 

hydrochloric acid (HCl, 36%), sulfuric acid (H2SO4, 96%), and 

dimethylformamide (DMF) were obtained from FUJIFILM Wako 

Pure Chemical Corporation. All the chemicals were used as 

received. Graphene oxide (GO) was prepared according to the 

reported method.25 

 

Synthesis of diamine-functionalized GO 

Diamine functionalization of GO (GO 1) was performed 

according to our previous report.25 In a typical procedure, 

diamine (1 mL) was added dropwise to the suspension of GO 

(250 mg L−1, 400 mL) under vigorous stirring. The resulting 

mixture was allowed to stir for 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. 

 

Grafting redox-active molecule on GO 

 Anthraquinone 2-carbonyl chloride (150 mg) was added into a 

dispersion of GO 1 (50 mg) in DMF (30 mL), and sonicated for 15 

min. Then, triethylamine (400 µL) was added to the mixture. The 
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reaction mixture was heated at 80 °C for 24 h, followed by reflux 

at 180 °C for another 24 h. After completion of the reaction, the 

reaction mixture was filtered, and the solid product was washed 

with DMF, aqueous sodium carbonate, and water several times. 

The prepared material was then dried under vacuum for two 

days to obtain GO 2. 

 

Amide hydrolysis 

 GO 2a (10 mg) was added to HCl (6M, 20 mL) and sonicated for 

30 minutes. Then the suspension was refluxed at 130 °C for 60 

h. After completion of the reaction, the reaction mixture was 

filtered, and the solid product was washed with DMF and water 

several times and dried under vacuum for 1 day. 

 

Instruments and measurements 

 The thermogravimetry analysis (TGA, RIGAKU TG 8121) was 

performed at a heating rate of 10 °C min−1 from room 

temperature to 800 °C under a nitrogen atmosphere. The 

functional groups were measured by Fourier transform infrared 

spectrometer (FT-IR, SHIMADZU, IR Tracer 100), using KBr as a 

binder. 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. Electrochemical 

measurements were carried out with an electrochemical 

working station (Solartron SI1287) at room temperature in a 

three-electrode cell system. In the three-electrode system, the 

platinum foil and saturated calomel electrode (SCE) were used 

as a counter electrode and reference electrode, respectively. 

The working electrode was fabricated by mixing electrode 

material (GO 2, 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 suspension was dropped onto the glassy 

carbon electrode (= 3 mm) using a pipette and dried at 50 °C 

for 30 min under vacuum. The electrochemical performance 

was measured under a potential range of -0.5-0.5 V, with a scan 

rate of 50 mVs-1. All electrochemical experiments were 

performed in 1 M H2SO4 aqueous electrolyte. The specific 

capacitance (C (F g-1)) was calculated from the discharge curve 

according to the following formula (1).  

 

                            C = (I · Δt )/(m · ΔV)                           (1) 

 

where I is the constant current in discharging, m is the mass of 

active material on working electrode, Δt is the discharge time, 

and ΔV is the voltage change during discharge. 

The energy density and power density was calculated according 

to following formulas (2) and (3). 

 

Energy density (Ed):  
                                  Ed = (1/2) CV2 · (1/3.6)                    (2) 

 

Where C is specific capacitance obtained from equation (1) and 

V is the potential applied. 

 

Power density (Pd): 

 

                          Pd = Ed · (3600/Δt)                                     (3) 

 

Where Ed is the energy density obtained from equation (2) and 

Δt is the discharging time.  

 

Results and Discussion 
 Our strategy is to functionalize graphene with a redox-active 

molecule via a linker. The strategy involved two-step reactions: 

(1) functionalization of graphene with diamine to obtain GO 1, 

(2) addition of anthraquinone moieties to obtain GO 2 (Figure 

1). The epoxy ring-opening amination is an established method 

for the basal plane functionalization of GO.26–28 Acid chloride 

can react with the formed amine moiety and latent hydroxy 

groups on GO (not shown in the figure for simplicity).29-31 

 
Figure 1. Synthesis route of GO 2a – e. 

The structure of the materials was confirmed by X-ray 

photoelectron spectroscopy (XPS), thermogravimetric analysis 

(TGA), and Fourier-transform infrared (FTIR) spectroscopy.  

Initially, the elemental compositions of GO 1a and GO 2a were 

analyzed using XPS. XPS spectra of GO 1a and G 2a showed the 

presence of nitrogen, which confirmed the functionalization of 

GO with diamine (Figure 2ai).26,27 Cl was not observed in the XPS 

spectra of GO 2a, meaning that acid chloride was consumed and 

amide bond was formed between anthraquinone molecule and 

graphene (Figure 2aii). The amount of oxygen in GO 1a and GO 

2a was 25.6%, and 17.1%, respectively (Table S1). The smaller 

amount of oxygen in GO 2a suggested a reduction of GO 

occurred during heating. To gain further insight into the 

chemical composition, each element was analyzed by narrow-

scan XPS. The spectrum of GO 1a showed a peak at 399.3 eV at 

the N 1s region,26 which suggests the formation of a covalent C–

N bond, confirming the functionalization of GO by the amine 

(Figure S1a). The detailed XPS analyses of GO 1 and GO 2 are 

given in the supporting information. Next, the thermal stability 

of GO 1a and GO 2a was measured by TGA. The TGA curve of 

GO 1a showed weight loss from 200 °C to 400 °C, which is 

derived from the thermal decomposition of remaining 
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oxygenated functional groups and ethylenediamine moiety 

(Figure 2bi).25,26 In the case of GO 2a, a weight loss was 

observed from 200 °C to 500 °C due to the thermal 

decomposition of ethylenediamine and anthraquinone 

molecule (Figure 2bii).32 The lower weight loss observed in GO 

2a compared with GO 1a could be attributed to the reduction 

of oxygenated functional groups in GO 2a during the 2nd step 

reaction.33 

The surface functional groups of GO 1a and GO 2a were further 

confirmed using FTIR analysis. The FTIR spectrum of GO 

1a exhibited a peak at 2900 cm−1, attributed to the alkyl chain 

of ethylenediamine (Figure 2ci).27 A strong peak was observed 

at 1380 cm−1 attributed to C-OH and C-N bond.34,35 

Furthermore, the intensity of the C=O peaks (at 1660 cm-1) was 

increased in GO 2a as compared to GO 1a, suggested the 

attachment of quinone molecules to linker (Figure 2cii). All 

these changes confirmed the formation of the targeted 

structure of GO 1a and GO 2a.  

 
Figure 2. (a) Wide-scan XPS analysis of (i) GO 1a, and (ii) GO 2a. The yellow band 
corresponds to signals from gold substrate. (b) thermogravimetric analysis of (i) 
GO 1a, and (ii) GO 2a, (c) FTIR analysis of (i) GO 1a, and (ii) GO 2a. 

 

 

Optimization of cross-linker for SCs 

       Next, the linker molecules were optimized for the electron 

transfer. Initially, the electrochemical behavior of GO 2 was 

evaluated by cyclic voltammetry (CV) measurements. The CV 

curve of GO 2 showed oxidation and reduction peaks, 

attributed to the pseudocapacitance behavior of the 

anthraquinone molecule (Figure 3a).9,36,37 This result confirmed 

the successful functionalization of graphene with 

anthraquinone molecule. Afterward, the specific capacitance of 

all the samples was measured at a current density of 3 A g-1. The 

capacitance of GO 2a, GO 2b, GO 2c, GO 2d, and GO 2e was 495 

F g-1, 170 F g-1, 180 F g-1, 230 F g-1, and 210 F g-1, respectively 

(Figure 3b). The specific capacitance was calculated from the 

discharge duration of the galvanostatic charge/discharge curve 

(Figure 3c). GO 2a showed the highest capacitance among the 

others, which may be due to the electronic and steric effects. 

Electron transfer occurs efficiently from molecule to graphene 

in a short alkyl chain. Also, the attached molecule may avoid the 

aggregation of graphene, resulting in a high surface area. A 

shorter diamine, methylenediamine, might be a more promising 

linker; however, it can only be available as a salt form. Thus, we 

decided that ethylenediamine is the most suitable. The specific 

capacitance was decreased from GO 2a to GO 2b and irregularly 

increased and decreased from GO 2b to GO 2e. When the length 

of the linker n = 2 and 3, the anthraquinone moiety is 

perpendicular to the graphene basal plane due to the steric 

hindrance. In contrast, when n > 4, the linker can be flexible and 

bent, approaching the anthraquinone to graphene surface and 

increasing the electron transfer. The longer alkyl chain may 

increase the flexibility, however, it decreases electron 

conductivity. Therefore, there is a fine balance between the 

length of the linker and capacitance. The cycling stability of GO 

2a was measured at a current density of 10 A g-1. GO 2a showed 

a capacitance retention of 88% after 1500 cycles. Furthermore, 

the energy density and power density of GO 2a was calculated 

from galvanostatic charge/discharge curve. The energy density 

and power density of GO 2a was 68.7 W h kg-1 and 1546.8 W kg-

1 respectively, at a current density of 3 A g-1. 
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Figure 3. (a) CV of GO 2a - e at a scan rate of 50 mV s-1, (b) specific capacitance of 
GO 2a - e at a current density of 3 A g-1 (c) galvanostatic charge/discharge curve 
of GO 2a - e at a current density of 3 A g-1. 

 

Detachment of anthraquinone by hydrolysis of the amide bond 

GO 2a was heated in an acidic aqueous solution to hydrolyze 

the amide bond between the linker and anthraquinone 

molecule (Figure 4).38-41 The phenomenon was confirmed by CV 

and FTIR analysis. The CV curve of GO 2a showed oxidation and 

reduction peaks at 0.0 V and -0.1V, respectively. In contrast, the 

hydrolyzed product, GO 2ahyd, did not show the redox peaks in 

CV, which suggests the dissociation of anthraquinone moiety 

from the graphene surface (Figure S9a). The hydrolysis reaction 

was further confirmed by FTIR spectroscopy. A peak at 1726 cm-

1 was observed in the FTIR spectra of GO 2a, assigned to the C=O 

group of anthraquinone. The peak was disappeared for GO 

2ahyd, suggesting the dissociation of anthraquinone molecules 

and the reformation of GO 1a-like product (Figure S9b). These 

all changes confirmed the hydrolysis of the amide bond 

between the linker and anthraquinone molecule.42,43 Although 

covalent grafting of redox-active molecule via ethylenediamine 

linker successfully increased the specific capacitance, 

degradation in water may be a problem for practical 

application. Therefore, GO 2a would be suitable for a non-

aqueous organic type energy storage systems. 

 
Figure 4. Hydrolysis of GO 2a, and corresponding CV curves. 

 
Conclusions 
In this work, a redox-active molecule was grafted on GO via a 

linker. The materials were synthesized through a two-step 

reaction. In the first step, GO was modified with a diamine. In 

the second step, the redox-active molecule was attached to the 

terminal amine of the linker by an amide bond. The structure of 

the materials was confirmed by various characterization 

techniques and capacitance was measured to confirm electron 

transfer. The length of the linker molecules was optimized to 

achieve high capacitance. Among the linkers with different 

lengths of alkyl chains, ethylenediamine showed the best 

performance. This research indicates that a short alkyl chain 

linker is promising for high SC performance.   
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