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A B S T R A C T   

Various graphene derivatives have been known as electrode-active materials for fabricating 
supercapacitors. Interconnected graphene networks with adjustable porous structures, i.e., 3D 
graphene aerogels (GAs), can control the restacking of graphene sheets very well and, thus, lead 
to the enhanced performance supercapacitors. In this study, carbohydrates (sucrose and fructose) 
were used to make two types of 3D porous carbohydrates–graphene aerogels, sucrose-graphene 
aerogel (SCR) and fructose-graphene aerogel (FRC). Carbohydrates operate as a cross-linking 
and reductant agent. Voltammograms of supercapacitor electrodes based on the FRC and SCR 
indicate a more rectangular shape with a larger area and a superior current than the GA (gra
phene aerogel without using carbohydrates) electrode. They have better capacitive performance, 
more electron transportation ability, and higher specific capacitance (CS) values than GA. The 
supercapacitor electrodes based on FRC, SCR, and GA demonstrate the CS values of 257.2 F g − 1, 
221.0 F g − 1, and 95 F g − 1 at ѵ = 10 mV.s− 1, respectively. Improvement in the performance of 
SCR and FRC supercapacitor electrodes, in comparison to GA, is attributed to the porous inter
connected feature of their structures and their suitable available surface area, which facilitates 
electron and ion transportation throughout graphene networks. These supercapacitors also show 
excellent stability after recording 5000 consecutive voltammograms.   

1. Introduction 

Today, replacing coal and oil with renewable sources such as solar energy, wind energy, and energy storage devices with super 
efficiency is highly needed [1–4]. Supercapacitors (SCs) have been considered as energy storage devices. Their remarkable power 
density (P) and excellent stability suggest them for excellent power usage [5,6]. A supercapacitor contains two electrodes with a large 
surface area (SA) in a liquid electrolyte, including positive (+) and negative (− ) ions. A dielectric separator is placed between the 
electrodes to prevent charge transfer [7]. Some properties have significant effects on the CS value, energy density (E), (P) value, and 
stability of SCs, for example, the type of electrolytes and their ion size, as well as the electrolyte interaction with the electrodes. The 
surface features of electrode materials are also crucial for achieving high CS values, expanded potential windows, and, as a result, 
higher E and P values. Many researchers have shown that surface engineering, optimizing pore sizes, and their distribution and 
element doping can remarkably enhance the electrochemical performance of electrode materials such as CS, E, and P values and the 
cycling stability of SCs [8,9]. 

The most significant electrode active materials for the fabrication of SCs are carbon nanomaterials and different metal compounds 
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[10–17]. Carbon nanomaterials with various structural varieties have large SA values. Until now, different carbon materials have been 
utilized to fabricate SCs, involving carbon nanotubes, active carbons, graphitic carbon, and graphene [18,19]. Among them, graphene 
and its derivatives are suitable choices for the fabrication of SCs and catalysts [20,21]. Because they have some advantages, such as 
highly tunable SA, excellent conductivity, and good chemical stability. However, the value of CS obtained from graphene is lower than 
the expected value due to the aggregation of graphene nanosheets. Thus, modifying the electrochemical performance of 
graphene-based electrodes is a significant challenge. In this regard, various types of graphene structures have been introduced, 
including zero-dimensional (0D) (graphene dots), 1D (fibers), 2D (graphene nanocomposites), and 3D (hydrogels and foams). Among 
these structures, 3D graphene structures with interconnected pores, large SA, and rapid ion/electron transportation are essential for 
achieving great E and P values and a proper supercapacitance performance [22,23]. GAs, as 3D graphene structures, are ultralight and 
porous materials with great strength and SA. They also create multidimensional channels to transport ions and electrons and facilitate 
access to electrolyte solutions [24]. Many researchers have reported applying 3D graphene structures in SCs [25,26]. Many efforts have 
been made to fabricate SCs through simple and low-cost processes. In this case, producing 3D self-assembled GAs with cross-linked 3D 
porous structures can be a good strategy [27]. 

This study is devoted to fabricating GA structures using fructose and sucrose as two kinds of carbohydrates. These structures are 
applicable as electrode materials in the fabrication of supercapacitors. Sucrose, the ordinary sugar, is classified as a disaccharide. It is 
composed of two monosaccharides, including glucose and fructose. Fructose, or fruit sugar, is a monosaccharide in many plants and 
fruits. The fructose structure contains a six-carbon linear chain with hydroxyl and carbonyl groups [28]. Scheme 1. Shows carbo
hydrate structures. 

Some studies were conducted on the structures and electrochemical features of the introduced 3D-GAs to understand the operation 
of these suggested carbohydrate-based supercapacitors. In this study, a green and environmentally friendly method was used. No toxic, 
harmful chemicals and organic solvents were used to fabricate the introduced GAs. They were prepared in water solvent using car
bohydrates as reducing and cross-linking agents. The manufacturing method did not require very high temperatures. Also, it was cost- 
effective in terms of manufacturing cost due to the lack of use of chemicals and organic solvents. 

2. Experiments 

2.1. Materials 

The applied chemicals with analytical grades were purchased from Sigma Aldrich. They are graphite powder, nitric acid, hydrogen 
peroxide, potassium chloride, fructose, sucrose, sulfuric acid, acetylene black and polytetrafluoroethylene (PTFE), and potassium 
permanganate. 

2.2. Methods 

2.2.1. Characterization 
The morphologies were demonstrated by FE-SEM (VEGA\\TESCAN-XMU). X-ray diffraction (XRD) was carried out by a Philips 

PW1730. FT-IR was examined via a Thermo, AVATAR. The BET measurement was done using BEL, BELSORP MINI II. Raman spectra 
were recorded by an Almega Thermo Nicolet Dispersive Spectrometer using 532 nm laser light. 

2.2.2. Preparation of 3D-graphene aerogels 
In the first step, graphene oxide (GO) was fabricated in the same way as the previous articles [29–32] by the following method: (1 g) 

graphite flakes were added to a mix of H2SO4 (98 %) and H3PO4 (85 %) with a volume ratio of 9: 1 and stirred for 3 min. Then, (6 g) 
KMnO4 was added. The solution was stirred at 50 ◦C for 2 days. Then it was placed in an ice bath. 5 ml of H2O2 was slowly added to this 
cold solution to remove any excess MnO4

− . After washing and centrifuging, the product was dried at 80 ◦C. 

Scheme 1. Illustrates fructose and sucrose structures.  
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In the second step, carbohydrate-based GAs were prepared by a hydrothermal process according to this procedure: (80 mg) GO was 
added to (40 mL) water and dispersed by ultrasonication for 2 h. Then, 40 ml of the carbohydrate solution (4.0 mg. mL− 1) was added to 
the GO solution and dispersed for 1 h. The mixture was treated at 180 ○C for 18 h. The product was washed several times and freeze- 
dried for 24 h to omit water in its structure. The acquired aerogels are introduced as FRC and SCR in this work. GA was fabricated using 
this method without adding carbohydrates. 

2.2.3. The preparation of electrode 
The work electrodes were made using a slurry. It was prepared with a mixture of 65 wt% of fabricated materials (FRC, SCR, and 

pure GA), 10 wt% of carbon black, 5.0 wt% of PTFE as a binder, and 20 wt% of graphite powder and ethanol. The slurry was coated on 
stainless steel grids. The fabricated electrodes were dried at 80 οC for 8 h. Then, electrochemical investigations were done with a three- 
electrode configuration with the Pt wire (as a counter electrode) and Ag/AgCl (as a reference electrode). Also, 1.0 M KCl served as an 
aqueous electrolyte. This electrolyte is generally preferred due to its better power output, higher cyclic stability, and inexpensive, 
environmentally friendly material [33]. 

Electrochemical investigations involving cyclic voltammetry (CV), galvanostatic charge-discharge (CD), and electrochemical 
impedance spectroscopy (EIS) were carried out by an Autolab potentiostat/galvanostat (PGSTAT-302 N). The coin-type configuration 
was utilized as a two-electrode system. 

The CS values were calculated for the CV and CD methods through Eq. (1) and Eq. (2), respectively, as follows: 

CS=
1

Ѵ(V2 − V1)

∫ V2

V1

I(V)dV (1)  

CS=
IΔt

mΔV
(2) 

The E and the P values were obtained by Eq. (3) and Eq. (4) as follows: 

E=
CS. ΔV2

7.2
(3)  

P=
3600 E

Δt
(4)  

where CS (F g− 1), ΔV (V), m (g), I (A), and Δt (s) are the specific capacitance, potential range, weight of the active materials, current, 
and discharging time, respectively [34]. 

3. Results and discussion 

3.1. Characterization 

The morphology of FRC, SCR, and GA materials were indicated in Fig. 1(a–c), respectively. It shows the fabricated aerogels have 
uniform morphologies and suitable interconnected 3D porous networks. The pore sizes of the structures change from sub-micrometers 
to a few micrometers. It can be observed that the structures of the synthesized materials will change using the two kinds of 
carbohydrates. 

Fig. 2a illustrates the XRD patterns of GA, SCR, and FRC materials. There is no peak at 10.1◦ for the GA, SCR, and FRC samples, 
verifying the reduction of GO. In addition, the peaks around 25◦ and 43◦, which are in the (002) and (100) planes for RGO, can verify 
the reduction of GO during the hydrothermal step [35,36]. The broad peaks for aerogels show a weak ordering of GAs with their 
stacking direction. Disorders are attributed to intermolecular dehydration and the interaction of different carbohydrates and GAs 

Fig. 1. SEM image results for a) FRC, b) SCR, and c) GA.  
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throughout the synthesis. Thus, the XRD data indicate that the exfoliation of graphene nanosheets effectively happens in the SCR and 
FRC materials [37]. 

The FTIR spectra of GO, FRC, and SCR were compared in Fig. 2b. The spectrum of GO exhibits the presence of an O–H stretching 
band at 2500-3300 cm− 1, a peak at 1730 cm− 1 related to C––O, and a peak at 1110 cm− 1 corresponding to the stretching of the C–O 
band in the C–O–C linkage. FTIR spectra of SCR and FRC show the intensity of the C––O stretching peak and O–H band diminished 
compared to GO, indicating that GO has been reduced after adding carbohydrates. However, the IR absorption peaks such as C–O 
stretching, C–O–H bending, and O–H remained due to the presence of carbohydrates. Also, the peaks at 1300-1500 cm− 1 correspond to 
the combination of O–H bending of C–OH indicating the presence of carbohydrates in these structures. Fructose and sucrose do not 

Fig. 2. Comparing of a) XRD results for GA, SCR and FRC, and c) Raman spectra for GA, SCR, and FRC.  

Fig. 3. a) CV voltammograms at ѵ = 10 mV. s− 1, b) plot of calculated CSs values versus various scan rates, c) comparing of cyclic stability at 250 
mV. s− 1, and d) CD curves at I = 0.5 A g − 1 for FRC, SCR, and GA. 

H. Mohammadian-Sarcheshmeh and M. Mazloum-Ardakani                                                                                                                                                 



Heliyon 10 (2024) e29852

5

have the C––O group in their structures. The presence of the C––O stretching peak at 1750-1735 cm− 1 can be attributed to the for
mation of the ester group due to the reaction O–H groups in carbohydrates and C––O in the GO. Appearance of C––O peak at 1750- 
1735 cm− 1, increment in the intensity of peak at 1110 cm− 1, and decrease in the intensity of O–H band for the SCR, and FRC confirms 
the efficient interaction between fructose, sucrose, and graphene nanosheets. According to the results, it is acceptable to say that these 
GAs were fabricated by co-assembly of carbohydrates and graphene nanosheets. Also, carbohydrates operate as a cross-linking agent 
[37–42]. 

In Raman spectra (Fig. 2c), two vibrations of D bands at 1350 cm− 1 and G bands at 1597 cm− 1 can be seen for GA, SCR, and FRC. 
The intensity ratios of D and G bands (ID/IG) were 0.92, 0.94, and 0.97 for GA, SCR, and FRC, respectively. This amount (ID/IG) for GO 
is 0.89. The increment in this ratio for synthesized GAs confirms the reduction of GO. It is attributed to removing of oxygen functional 
groups, which changes the GO structure and introduces some structural defects during the synthesized processes. It shows the 
improvement of the disordered graphene sheets [43–45]. 

Fig. S1. Illustrates the Brunauer–Emmett–Teller (BET) results. The SA values for FRC, SCR, and GA are 104 m2 g− 1, 75 m2 g− 1, and 
45 m2 g− 1, respectively. Table S1 Shows total pore volume (cm3 g− 1) for these samples. These results reveal that carbohydrates have a 
remarkable effect on creating porous morphologies with better SA value. 

3.2. Electrochemical measurements 

The CV voltammograms of the FRC, SCR, and GA electrodes are compared at the scan rate (ѵ) of 10 mVs− 1 and a potential range 
(ΔV) from − 0.9 V to 0.0 V. As Fig. 3a indicates, the voltammograms of the FRC and SCR electrode samples have a more rectangular 
shape, a larger area, and a superior current than that of the GA electrode. They have better capacitive performance, more electron 
transportation, and higher CS values than GA. The obtained CS values through Eq. (1) are 257.2 F g− 1, 221 F g− 1, and 95.0 F g− 1 for the 
FRC, SCR, and GA electrodes, respectively. The better supercapacitive functions in the carbohydrate-based electrodes are ascribed to 
large diffusivity channels, high SA, porosity, and better transportation of electrolytes through their channels. Carbohydrates can serve 
as spacers to separate graphene nanosheets to create particular morphologies by hydrogen binding reactions between the OH groups in 
carbohydrates and the oxygen groups in the GO structure. Furthermore, they operate as reductant reagents by omitting the oxygen and 
COOH groups on GO. Utilization of carbohydrates could improve the conductivity of the fabricated samples [37,46]. 

Fig. S2. Illustrates the CV plots of the FRC, SCR, and GA samples at various ѵ values, i.e. 10.0 mVs− 1 to 300 mVs− 1, and ΔV = − 0.9 
V- 0.0 V. The anodic voltammograms moved to larger values at higher ѵ amount and cathodic potential peaks of voltammograms 
moved to smaller values at higher ѵ amount, leading to the polarization phenomenon, and ohmic resistance of the electrodes at large ѵ 
values. This means electrochemical behavior is irreversible at larger ѵ values. The CS values at different ѵ values were calculated for 
the FRC, SCR, and GA electrodes. As shown in Fig. 3b, with an increment of ѵ value, the CS value shows a decreasing trend. The lower 
CS value at the higher ѵ amounts is attributed to the decrease of the interactions between electrolyte ions and pores and the occurrence 

Fig. 4. a) plot of calculated CSs values versus various current density, b) CV voltammograms at ѵ = 10 mV. s− 1, and c) CD curves at I = 0.5 A g − 1, 
for a two-electrode system, and d) Nyquist plot for FRC, SCR, and GA electrode materials. 
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of interactions in the outer area of the electrodes [47]. 
To comprehend the electrochemical performance of the supercapacitive system, the dependence between the peak current (I) and 

the ѵ was examined in CV measurements by Eq. (5): 

log I= log a + b log ѵ (5) 

In this equation, (a) and (b) are the constants. The slope of log (I) against log (ѵ), (b), is important. If b = 1, a capacitive process 
exists. If b = 0.5, there is a diffusion-controlled process. Also, if b is 0.5–1, there is a synergistic relation between the diffusion and 
capacitive processes [48]. The (b) values obtained 0.7, 0.7, and 0.41 for FRC, SCR, and GA, respectively, confirming a better 
capacitance process for FRC and SCR than GA (Fig. S3). 

The cyclic stability, as an important factor in the studies of SCs, was investigated using the CV method by recording 5000 
continuous cycles at ѵ = 250 mV. s− 1 for all the fabricated electrodes. Fig. 3c displays that the FRC electrode material can keep nearly 
87.09 % of its initial CS value, and the SCR and GA electrodes retain 86.88 % and 85.05 % of their initial CS values, respectively. 

Fig. 3d compares the CD curves for the FRC, SCR, and GA electrodes at a current density of I = 0.5 A g− 1 and ΔV = − 0.9 V- 0.0 V in a 
1.0 M KCl aqueous electrolyte. As can be seen, the FRC and SCR electrodes had a longer discharge time than the GA electrode. Using Eq. 
(2), the CS values of the electrodes were calculated for the CD curves (261.5 F g− 1, 234.0 F g− 1, and 110.0 F g− 1 for FRC, SCR, and GA 
materials, respectively). These CS values confirm the results previously acquired in CV measurements. 

Fig. S4 demonstrates the CD curves for different electrodes at various current densities. In addition, Fig. 4a depicts the CS values 
versus different current densities for the FRC, SCR, and GA active materials. In this study, an increment in the current density resulted 
in a decrement in the CS value. This is ascribed to the decrease in the discharge time due to the increased carriers and the consequent 
improvement in the resistance of the electrode samples [49]. 

A two-electrode system was utilized to examine the electrochemical properties of the introduced supercapacitor. Fig. 4b depicts the 
CV plots of this system at ѵ = 10 mV. s− 1 in the ΔV = 0.0 V–1.0 V. The calculated CS values were 62.4 F g− 1, 50.0 F g− 1 and 26.7 F g− 1 

for FRC, SCR and GA, respectively. Fig. 4c indicates the CD curves at 0.5 A g− 1 in ΔV = 0.0 V–1.0 V. The CS values of this kind of system 
were calculated according to the reported article [50]. They are 64.5 F g− 1, 55.4 F g− 1, and 26.6 F g− 1 for the FRC, SCR, and GA 
electrodes, respectively. P and E values are considered the most important factors for comparing energy storage devices. The E value 
refers to the amount of the stored energy for the unit of mass, but the P value represents the rate of transferred energy in the storage 

Table 1 
Comparing of suggested materials with other carbohydrate-based electrode materials.  

Composite Electrolyte Potential area 
(V) 

SC (F. g− 1) Stability Ref. 

FRC 
SCR 

1.0 M 
KCl 

− 0.9-0.0 261.5 
(at 2 A g− 1) 

234.0 
(at 0.5 A 

g− 1) 

87.09 % 
86.87 % Retention after 5000 

cycles 

This 
work 

Glucose GA 1.0 M 
Na2SO4 

− 0.2-0.6 161.6 
(at 2 A g− 1) 

– [37] 

β-cyclodextrin GA 1.0 M 
Na2SO4 

− 0.2-0.6 130.1 
(at 2 A g− 1) 

– [37] 

Glucose GA – – 145.0 
(at 0.3 A 

g− 1) 

– [41] 

Sucrose GA – – 150.3 
(at 0.3 A 

g− 1) 

– [41] 

Graphene based-Chitosan 6.0 M 
KOH 

− 1.0-0.0 197 
(at 0.2 A 

g− 1) 

92.1 % after 10000 cycles [54] 

Activated carbon xerogelsa 1.0 M 
H2SO4 

− 0.2–0.6 153.0 
(at 0.1 A 

g− 1) 

87 % after 10000 cycles [55] 

3D interconnected micro-, meso- and macroporous 
microsphereb 

1.0 M 
H2SO4 

0.0–0.9 164 
(at 5 mv/s) 

97 % after 250 cycles [56] 

3D nitrogen-doped GA (NGAs) based on melamine 6.0 M 
KOH 

− 0.9-0.0 170.5 
(at 0.2 A 

g− 1) 

82 % after 4000 cycles [44] 

3D sulfur and nitrogen co-doped GA (SNGA) 6.0 M 
KOH 

− 1.0-0.0 399 
(at 1 A g− 1) 

93.3 % after 6000 cycles [57] 

Open-Hollow Nickel-MOFs/Reduced graphene oxide 
aerogel 

6.0 M 
KOH 

0.0–0.5 1644 
(at 1 A⋅g− 1) 

87.8 % after 10,000 cycles [58] 

3D MXene (Ti3C2Tx) GA 2.0 M 
ZnSO4 

0.2–1.6 128.6 
(at 0.4 A 

g− 1) 

95 % after 75000 cycles [59]  

a Fabricated from hydrothermally carbonized glucose- GO hybrids. 
b Synthesized from aromatic hydrocarbons pyrolysis. 
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systems [51]. The E (Wh kg− 1) and P (W kg− 1) were estimated by Eq. (3) and Eq. (4). The maximum E values were 8.96, 7.96, and 3.69 
Wh kg− 1. Also, the P values of 517.82, 500.00, and 492.59 W kg− 1 were calculated for the FRC, SCR, and GA electrodes, respectively. 

The electrochemical performances of the suggested electrodes were further evaluated by electrochemical impedance spectroscopy 
(EIS) in the frequency area of 0.01 Hz–1 MHz. Fig. 4d compares the Nyquist plots for the SCR, FRC, and GA electrodes. An equivalent 
circuit model was shown in the inset. (Rct) is the charge transfer resistance, (Rs) is the solution resistance arising from the electrolyte, 
CPE is the constant phase element related to the interfacial resistance, and Zw is the Warburg impedance. The carbohydrate-based 
structures indicated a direct line, which largely shifted to an imaginary axis, implying that those structures have an ideal capaci
tive performance compared to GA electrodes [52]. The Rs and Rct values were calculated for all the electrodes. The Rs amounts were 
5.4 Ω, 6.0 Ω, and 9.6 Ω, and the Rct values were 13.6 Ω, 17.36 Ω, and 28.1 Ω for the SCR, FRC, and GA electrodes, respectively. These 
results suggest that carbohydrate-based structures have lower resistance and, thus, better ion and charge transfer. 

The Bode curves were plotted for electrode materials. The slope of the Bode plots in the low-frequency range was employed to 
examine the capacitive operation of the samples. A slope value close to 1.0 means ideal capacitive behavior. Fig. S5. Section (a) shows 
the Bode plot for SCR, FRC, and GA electrodes. The obtained slope values were (− 0.64), (− 0.60), and 0.42 for the SCR, FRC, and GA 
electrodes, respectively. The carbohydrate-based supercapacitors showed relatively better capacitive performance than the GA elec
trode. Fig. S5. Section (b) shows the phase plot for SCR, FRC, and GA electrodes. In the case of phase plots (i.e., the plot of phase versus 
log frequency), the amount of the phase angle at a small frequency is used to evaluate the capacitance property. The phase angle of 
(− 90○) means an ideal capacitor. The obtained angle values were (− 68○), (− 53○), and (− 40○) for the SCR, FRC, and GA electrodes, 
respectively. Compared to the GA electrode, the capacitive performance of the carbohydrate-based ones was closer to ideal [53]. 

Obtained results for this work were compared with the other reported works (Table 1). Our suggested work shows the simplest 
fabrication method, the highest CS value, and better stability than some of them. 

4. Conclusions 

Graphene derivatives are attractive electrode materials in the fabrication of supercapacitors. The 1D and 2D forms of these ma
terials have good electrical conductivity and high mechanical flexibility. The performance of the electrodes can be improved if the 
porous structure providing by reducing the aggregation of graphene nanosheets. This modification leads to the efficient penetration of 
electrolyte ions, better control of graphene nanosheet restacking, and, thus, enhanced supercapacitor performance. In this study, a 
green and environmentally friendly method was used. No toxic, harmful chemicals and organic solvents were used to fabricate the 
introduced GAs. They were prepared in water solvent using carbohydrates as reducing agents. The manufacturing method was not 
complicated and did not require very high temperatures. Also, it was cost-effective in terms of manufacturing cost due to the lack of use 
of chemicals and organic solvents. Compared to some similar works presented in Table 1, these materials indicate good capacity and 
stability. The FRC, SCR, and GA-based supercapacitors provided the CS values of 257.2 F g− 1, 221.0 F g− 1, and 95.0 F g− 1, respectively, 
at ѵ = 10 mV. s− 1. Also, the CS values in the CD technique were 261.5 F g− 1, 234.0 F g− 1, and 110.0 F g− 1 for FRC, SCR, and GA 
materials, respectively, at I = 0.5 A g− 1. Carbohydrate structures showed better performance than GA electrode materials. It can be 
ascribed to the ability of carbohydrates to reduce graphene oxide and produce 3D interconnected GAs with well-expanded porous 
structures and conductive networks, which can create large ionic pathways for energy storage. 
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