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1. Experimental Section  

1.1. Fabrication of Electrodes/Devices 

We fabricated NB-GA electrodes using stainless steel (SS, grade 316, 0.11 mm thick) with a 

geometric area of 1.0 cm2 as a current collector. SS pieces were cleaned by a 1:1 acetone-

ethanol mixture for 10 minutes in a sonication bath prior to use, and then were washed 

thoroughly with DI water. For the preparation of the NB-GA electrodes, a mixture of the as-

prepared active material powder, carbon black and polytetrafluoroethylene (PTFE) with a wt% 

ratio of 85:10:5 was pressed onto 1.0 cm2 SS and dried at 60 °C for 2 h in air. The mass loading 

of the electrode active materials on each electrode was about 2 mg cm−2.  

For fabrication of the symmetric NB-GA NB-GA device, we used cellulosic paper or Celgard 

M824 as a separator, and all the components were held together with lamination by pressing 

between two sheets. The NB-GA NB-GA symmetric device was designed for operation in 

an acidic (1.0 M H2SO4) electrolyte. The NB-GA MnO2 and NB-GA LDH asymmetric 

devices were fabricated for operation in neutral (1.0 M Na2SO4) and alkaline (1.0 M KOH) 

electrolytes, respectively. For approaching the maximum capacitance and operating voltage 

window, the mass ratio between the positive and negative electrodes (m+/m-) of the NB-GA 

MnO2 and NB-GA LDH asymmetric devices were optimized according to charge balance 

theory as 0.35 and 0.5, respectively.1 Mass loadings of the Ni-Co-Fe LDH and MnO2 electrodes 

were 1.0 mg cm-2 and 0.7 mg cm-2, respectively.   
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Figure S1. Preparation of the NB-GA nanocomposite. Schematic illustration of the hydrothermal 

synthesis route towards preparation of the Nile Blue functionalized 3D graphene aerogel (NB-GA). a, 

Addition of Nile Blue to the exfoliated graphene oxide suspension. The lower part of the panel is a 

schematic illustration of the GO basal plane and edges which are rich in epoxy, hydroxyl, carbonyl, and 

carboxyl groups, making them negatively charged when dispersed in aqueous electrolytes. b, 

Hydrothermal synthesis of NB-GA at 180 C for 8 h. c, The graphene hydrogel floats in the solution, 

and leaves behind a clear and colorless solution. d, Freeze-dried graphene aerogel. The two bottom 

images show the 3D porous scaffold of the graphene aerogel and the π-π stacking interactions between 

Nile Blue (that has a planar aromatic structure) and the graphene aerogel. 
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2. UV-vis and Fluorescence Spectroscopy Characterization of the Samples 

Nile Blue is a cationic species, with a strong acceptor in the form of the charged iminium group 

in its structure, which induces a strong net dipole across the molecule. Because of the π-

conjugated bridge between the electron donor and acceptor in Nile Blue, the sp2 character of 

the molecule is more pronounced than the other benzophenoxazine derivatives, and 

intramolecular charge transfer is more fluid.2  

As shown in Fig. 2a (main text), the GO dispersion displays a maximum absorption at 228.5 

nm, which is due to the π→π* transition of aromatic C=C bonds, along with a shoulder peak 

between 290 and 300 nm, which corresponds to the n→π* transition of the C=O bond.3 The 

spectrum of diluted Nile Blue aqueous solution shows two strong absorption peaks at 282 nm 

and 635 nm, characteristics of aryl rings (π→π*) and the n→π* transition of C=N bonds of 

Nile Blue in its monomeric form.4 The spectrum of Nile Blue in water also exhibits a shoulder 

peak at ~590 nm that can be attributed to H-type dimer aggregation.5 In the absorption spectrum 

of the NB-GO nanocomposite, absorption peaks of both GO and Nile Blue can be observed, 

indicating grafting of the Nile Blue molecules onto the GO surfaces. The sharp peak of GO in 

NB-GO (228.5 nm), suggests that the dimerization equilibrium is not significantly disrupted 

when Nile Blue is adsorbed onto a GO sheet.3 Interestingly, as shown in Fig. 2a (main text), 

the intensity of the dimer peak at ~590 nm increases compared to that of the monomer 

peak at 635 nm, confirming that the equilibrium between the monomer and dimer forms 

of Nile Blue moves toward the dimer on GO due to the strong π-π interactions.4 In 

addition, the red shift (up to 35 nm) of the n→π* transition of the C=N bonds of Nile 

Blue to 670 nm provides evidence for delocalized -electrons in the conjugated NB-GA 

macromolecules. GO nanosheets have a negative surface charge due to hydroxyl and 

carboxyl groups on the edges and basal-plane of the GO nanosheets. Thus, the cationic 

Nile Blue molecules are also adsorbed onto the GO surfaces due to electrostatic 



 

 

5 

 

attractive forces. A combination of these non-covalent attractive forces between Nile 

Blue and GO, holds them together in the nanocomposite, and the experimental results 

provide evidence for such interactions.  

Note that, formation of the graphene aerogel from the graphene oxide dispersion proceeds 

via hydrothermal reduction of oxygen-containing functional groups, which leads to cross-

linking of individual graphene oxide sheets to form the reduced graphene oxide hydrogel. 

After the preparation of the graphene oxide hydrogel, water molecules were removed from the 

carbon scaffolds via freeze-drying, without collapsing the solid structure, leading to the 

formation of the graphene aerogel.  

 

Figure S2. Characterization by fluorescence spectroscopy. Fluorescence spectra of free 

Nile blue (NB), graphene oxide (GO) and the Nile Blue-conjugated graphene oxide (NB-GO) 

samples in an aqueous solution.  

We further confirmed formation of the NB-GA conjugate by fluorescence 

spectrometry. Free Nile Blue molecules show a maximum emission peak at 665 nm 

when excited at 636 nm (Figure S2). The pristine GO exhibits negligible fluorescence 

intensity in the investigated region. The Nile Blue molecules adsorbed on the GO 

nanosheets also exhibit a maximum emission peak at around 662 nm at the same 

excitation wavelength, but the fluorescence intensity is greatly diminished. Since the 
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concentration of Nile Blue was the same in both cases, the decrease in fluorescence 

intensity demonstrates that a large fraction of the excited Nile Blue molecules are 

quenched by the GO nanosheets. This observation can be attributed to the electronic 

coupling between Nile Blue molecules and GO nanosheets in the nanocomposite 

because of the effective charge or energy transfer via π-π as well as electrostatic 

interactions between them.6, 7 These results are in good agreement with other reported 

experiments on fluorescence properties of largely π-conjugated dye molecules in their 

free state or on graphene nanosheets.8, 9  

To show that Nile Blue remains confined on GA after the hydrothermal synthesis, and does 

not leak out of the nanocomposite structure during operation, we recorded UV-vis absorption 

spectrum of electrolyte after 500 consecutive GCD cycles at a low current density of 2 A g-1 

(Figure S3). For comparison, the UV-vis absorption spectrum of a free Nile Blue sample (12.5 

M in 1.0 M H2SO4) was also recorded. By comparing the two spectra, we notice that Nile 

Blue molecules do not leak out of the NB-GA nanocomposite structure under operation.   
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Figure S3. UV-vis spectra showing that Nile Blue does not leak out of the nanocomposite 

structure under operation. UV-vis absorption spectra of a 12.5 M Nile Blue in 1.0 M H2SO4 

solution (red spectrum) and the electrolyte of a 3E cell setup (1.0 M H2SO4 solution) in which the 

electrode was immersed after completing 500 GCD cycles (blue spectrum). The blank was a 1.0 M 

H2SO4 solution. 

3. Nile Blue Leakage Test 

The reaction of graphene aerogel (GA) with Nile Blue (NB) in the presence of water (W) is a 

competition among three types of interactions: solute-solute (NB-GA) interactions, solute-

solvent (NB-W, GA-W, and NB-GA-W) interactions, and solvent-solvent (W-W) interactions. 

Figure S3 shows that Nile Blue remains confined on GA after the hydrothermal synthesis, and 

does not leak out of the nanocomposite structure during operation in an aqueous electrolyte. 

To provide additional evidence that the NB-GA interaction is stronger than the sum of the NB-

W plus GA-W plus W-W terms, we dissolved the NB-GA nanocomposite in DMSO as a strong 

electron donor and polar aprotic solvent. Immediately after the addition of solvent, we observed 

a burst release of the Nile Blue molecules into the solvent and the solution turned wine red 

(Figure S4). Two main conclusions can be drawn from these observations: (i) If the Nile Blue 
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had been covalently conjugated to the graphene aerogel, the Nile Blue molecules would not 

have leaked out of the nanocomposite by solvation. (ii) Nile Blue molecules do not leak out of 

the NB-GA nanocomposite under operation in aqueous electrolytes. These results show that 

Nile Blue is preferentially conjugated to the graphene aerogel via non-covalent π-π stacking 

interactions. 

 

 

Figure S4. Leakage test. Photograph of an as-synthesized NB-GA nanocomposite in (a) water 

and (b) DMSO.  
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4. FT-IR analysis 

As shown in Fig. 2b (main text), in the spectrum of the graphene aerogel, the peaks at 1728 

cm-1 and 1641 cm-1 correspond to the stretching vibrations of the C=O groups in carboxylic 

and carbonyl moieties, indicating the presence of COOH and COO functional groups on the 

surfaces of the graphene aerogel.10 The FT-IR spectrum of free Nile Blue displays its 

heterocyclic ring stretching band ( C=C and C=N) at 1590 cm-1, the symmetric stretching 

band of CN at 1427 cm-1, and the symmetric deformation of -CH3 at 1334 cm-1,11 which has 

also been reported for other similarly structured chemicals.12, 13 The band between 2920 and 

3200 cm-1 is ascribed to the N–H symmetric stretching mode. The broad band at around 3440 

cm-1 can be mainly ascribed to adsorbed water as well as the asymmetric stretching vibration 

of N-H.14 All the characteristic fingerprint peaks of Nile Blue and graphene aerogel are present 

in the FT-IR spectrum of the NB-GA nanocomposite. Note that, the stretching vibration of C–

N in the amide group (typically at ~1260 cm-1), which is commonly considered as 

demonstrative evidence for covalent conjugation of amine-containing dyes on GO, cannot be 

seen in the spectrum of NB-GA.10 The FT-IR spectrum of NB-GA was slightly changed upon 

the adsorption of Nile Blue onto the graphene aerogel (e.g. the symmetric stretch of C-N at 

1427 cm-1 of Nile Blue mostly disappeared after its conjugation onto the graphene aerogel, and 

the heterocyclic ring stretching band at 1590 cm-1 is broadened), demonstrating strong non-

covalent π-π interactions between Nile Blue and the graphene aerogel.10, 15 
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5. Raman Analysis 

We conducted Raman analysis to provide additional evidence that Nile Blue molecules become 

conjugated with the graphene aerogel through π-π stacking interactions. Figure S5 shows the 

Raman spectra of free Nile Blue, graphene oxide, as well as the NB-GA nanocomposite. 

Graphene oxide shows the well-known G-band, characteristic of sp2 hybridized carbon, at 1592 

cm−1, and displays a peak at 1361 cm−1 (D-band) originating from a disordered sp3 hybridized 

carbon. The summary of the characteristic peaks of Nile Blue is tabulated in Table S1. As 

shown in Figure S5, the Raman spectrum of the NB-GA nanocomposite shows the signatures 

of both Nile Blue and graphene oxide. Compared to graphene oxide, the NB-GA 

nanocomposite exhibits a clear G-band splitting that can be ascribed to the graphene 6-fold 

asymmetry breaking induced by the stacked Nile Blue molecules.16 Moreover, all the bands 

are shifted toward lower wavenumbers compared to GO and the intensity of the 2D band also 

decreased. This also demonstrates noncovalent interactions of the graphene aerogel with π-

stacking molecules,17, 18 and is in a good agreement with the results of the FT-IR analysis.   
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Figure S5. Raman characterization of the Nile Blue-graphene aerogel interactions. Raman 

spectra of free Nile Blue (blue), graphene oxide (dark red), and the NB-GA nanocomposite 

(magenta).  

 

Table S1. Assignments of the Raman Bands of Nile Blue,19 GO, and NB-GA 

 

Raman 

bands 

(cm-1) 

Tentative assignments* 

N
il

e 
B

lu
e 

1643 ν(C6−C5) + ν(C2−C3) + ν(C1−N21) in-phase [ring-I (C=C) stretching] 

1493 δ(C17H) + ν(C4−N19) + ν(C1−N21) + ν(C2−C3) 

1435 ν(C−C) ring-IV + νs(C4−N19−C7) + ν(N21−C1) + ν(C5−C6) 

1350 
ν(C11−C12) + ν(C−C) ring-IV + ν(C1−N21) + νas(C4−N19−C7) + 

β(C5H) + β(C9H) 

592 νs(C3−O20−C8) + νs(C4−N19−C7) [ring-II breathing] 

G
O

 1361 D-band 

1592 G-band 

2710 2D-band 

N
B

-G
A

 1329 D-band 

1582 G-band 

2702 2D-band 

* Abbreviations used: ν: stretching; νs: symmetric stretching; νas: asymmetric stretching; δ: bending; β: in-plane 

bending. Assignments of the carbon atoms and rings of Nile Blue are based on Chart S1. 

 

 

Chart S1. Chemical structure of Nile Blue with numbering for atoms and rings.  
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6. XRD Analysis 

Figure 2c (main text) shows the XRD patterns of the as-prepared graphene oxide, 

graphene aerogel, and the NB-GA nanocomposite. The graphene oxide sample shows a 

high intensity peak at the diffraction angle (2θ) of 11.4° that is characteristic of the (001) 

reflection plane of graphene oxide. The calculated inter-planar spacing of graphene 

oxide is 7.75 Å, which agrees well with previous reports.20, 21 The large interlayer 

distance of graphene oxide indicates that planes of carbon atoms in graphite oxide are 

heavily decorated by oxygen-containing functional groups, which not only enlarges the 

interlayer distance of the sheets, but also makes the sheets hydrophilic. In the XRD 

pattern of the graphene aerogel sample, the intense diffraction peak at 11.4° 2θ 

completely vanished and replaced with a broad and less intense diffraction peak at 

around 2θ of 25.3°. This can be ascribed to the (002) plane of graphene, demonstrating 

the extensive reduction of graphene oxide during the hydrothermal synthesis process.22, 

23 The (002) reflection plane of the NB-GA nanocomposite shows a shift to a slightly 

higher 2θ value, which indicates an increase in ordering of the graphene sheets and 

partial restoration of the graphitic structure due to the π-π interactions with Nile Blue. 

7. XPS analysis  

XPS survey spectra of the as-prepared graphene oxide, graphene aerogel, and NB-GA 

samples are shown in Fig. 2d (main text). The characteristic peaks of carbon (C 1s) and 

oxygen (O 1s) are observed in the survey spectra of all three samples. Comparing the 

survey XPS spectrum of graphene oxide with that of graphene aerogel and the NB-GA 

nanocomposite, it can be clearly seen that the oxygen content of the graphene aerogel 

and the NB-GA nanocomposite is significantly lower than that of graphene oxide, which 

demonstrates the successful reduction of the oxygen-containing functional groups of 

graphene oxide by the hydrothermal treatment.24 
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Deconvolution of the core-level C 1s spectrum of GO (Figure S6) shows four types of 

carbon bonds: C=C/C-C (284.6 eV), C-O (285.6 eV), C=O (286.5 eV) and O-C=O 

(287.8 eV). After reduction, these peaks are greatly diminished because most of the 

oxygen-containing functional groups are successfully removed from the NB-GA 

surfaces (Fig. 2e, main text). In addition, the remarkable increase in the amounts of the 

C=C components of the graphene aerogel and the NB-GA nanocomposite, which can 

be obtained from the peak at 284.6 eV, suggests that carbon atoms with sp2 hybridization 

are mostly restored during the hydrothermal process.25 This was further confirmed by a 

broad shakeup satellite peak at the binding energy of 290 eV. Another peak in the C 1s 

spectrum of NB-GA appears at 285.8 eV, corresponding to C–N bonds in Nile Blue 

molecules, conjugated to the graphene sheets (Fig. 2e, main text).  

 

Figure S6. XPS characterization of GO. Deconvoluted core level XPS spectra of graphene 

oxide, C 1s. 

The N 1s core-level can be decomposed into three peaks (Fig. 2f, main text). The 

binding energies defined in 397.8, 399.4, and 401.6 eV are attributed to heterocyclic 
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nitrogen atoms (=N—), amino nitrogen atoms (—NH2) and nitrogen cationic radical 

(N∔), respectively, which demonstrate the non-covalent stacking of Nile Blue to 

reduced graphene oxide nanosheets in the NB-GA nanocomposites.3   
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8. BET/BJH Analyses 

 

Figure S7. BET and BJH analyses. (a) Nitrogen adsorption and desorption isotherms and 

(b) BJH pore size distributions of the graphene aerogel and the NB-GA nanocomposite. 
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9. Electrochemical Characterization of the NB-GA Nanocomposite at 

Different Electrolytes 

 

 

Figure S8. Electrochemical performances of NB-GA electrode at different electrolytes. 

Cyclic voltammograms of NB-GA electrode at a scan rate of 20 mV s-1 in alkaline (1.0 M KOH, 

red curve), neutral (1.0 M Na2SO4, blue curve), and acidic (1.0 M H2SO4, green curve) 

electrolytes. 

 

In an alkaline electrolyte (Figure S8, red curve), the CV curve of the NB-GA 

nanocomposite electrode shows a pair of reversible redox peaks at around −0.65 V 

superimposed on a large capacitive current. A linear dependence of peak current with 

scan rate (discussed later on) indicates that Nile Blue molecules are successfully 

conjugated to the graphene aerogel surfaces. Redox reactions also show near-symmetry 

in the cathodic and anodic peaks with Ep of 38.9 mV at a sweep rate of 20 mV s−1, 

demonstrating an improved reversibility in the system. Additionally, the voltammogram 

displays an anodic pre-peak and a cathodic post-peak at low scan rates. The emergence 

of a pre-peak to the oxidation peak of Nile Blue can be considered as evidence for 
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stronger electrostatic adsorption of the positively charged oxidation products at the 

negatively charged graphene aerogel surface. The appearance of pre/post-peaks can also 

be attributed to the immobilization of some Nile Blue molecules at energetically 

different sites such as edges or defect sites on the basal plane of the graphene aerogel.26 

With increasing scan rate, Ep increases and the two peaks merge to form one broad 

peak located midway between the position of the pre-peak and the main peak. The 

electrochemical behavior of Nile Blue tethered to the graphene aerogel displays 

additional hump peaks at more positive potentials (around −0.3 V), demonstrating that 

the conjugated Nile Blue molecules possibly undergo two separate, energy-resolved 

redox reactions.27 The redox coupe at around −0.3 V has also been attributed to Nile 

Blue dimers and/or polymers.28 We also investigated the electrochemical behavior of 

the NB-GA nanocomposite electrode in a Na2SO4 electrolyte to find a way of making it 

a usable electrode active material for neutral aqueous electrolyte supercapacitors (Figure S8, 

blue curve). The CV curve shows almost the same trend as in alkaline electrolyte, but the peak 

currents are greatly diminished. However, no pre/post-peaks were observed in the acidic 

electrolyte, indicating that both oxidized and reduced species are strongly adsorbed onto the 

graphene aerogel surfaces (Figure S8, green curve).29 In the same way, the hump peaks at 

more positive potentials (around 0.43 V) can be ascribed to Nile Blue dimers and/or 

polymers. Considering the molecular factors linked to the pseudocapacitive 

performance of amino-containing aromatic molecules adsorbed onto graphene-based 

materials,30 it is also likely that –NH2, –NH–, and –N+– functional groups of the NB are 

redox-active in H2SO4, whereas –NH–, and –N+– functional groups are mainly active in KOH 

electrolyte. 

It should also be noted that the overall energy storage performance not only depends 

on the electrode active materials, but also on the electrolyte. Generally, the use of aqueous 
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electrolytes in energy storage devices is more suitable than organic electrolytes because of 

lower cost, longer life time, lower internal resistance, non-flammability, and non-toxicity. We 

studied the electrochemical performance of the NB-GA electrodes in 1.0 M aqueous electrolyte 

solutions (KOH, H2SO4, and Na2SO4) that have been commonly used in energy storage 

devices. The differences in capacitive performances in different electrolytes can be attributed 

to the differences in compatibility of ion-size with pore-size, charge transfer resistance, ionic 

radius, ionic mobility, and molar ionic conductivity of the ions (Table S2) as well as the 

wettability of the electrode materials in the electrolyte. The large capacitance observed in 

the H2SO4 electrolyte can be attributed to the lower cationic radius, higher ionic mobility and 

molar ionic conductivity of the H+ 
ions. On the other hand, the relatively lower capacitance in 

the Na2SO4 electrolyte can be attributed to the larger radius, lower ionic mobility and molar 

ionic conductivity of Na+ 
ions compared to those of H+ 

ions. Although K+ 
ions are bigger than 

H+ ions, the increased capacitance in KOH can be attributed to the higher ionic mobility and 

molar ionic conductivity of OH- ions as well as the increased wettability of graphene-based 

materials in 1.0 M KOH compared to the other two electrolytes.31 On the other hand, current, 

which is expressed in amperes (= Coulombs/second), is a quantitative expression of how fast 

a redox reaction occurs. The Faradaic current is directly related to the rate of the reaction taking 

place at that interface. Therefore, when we measure the Faradaic current, we are also measuring 

the rate of a redox reaction. Since the magnitude of current is directly proportional to the rate 

of the electrochemical reaction, it is reasonable to conclude that the oxidation rate of Nile Blue 

is lower in the neutral Na2SO4 electrolyte compared to the other two electrolytes.  
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Table S2. Characteristic Parameters of Ions in Aqueous Electrolytes32 

ions 
Ionic 

radius (Å) 

hydrated 

sphere 

radius (Å) 

Ionic mobility  

×10-8  

(m2 s–1 V–1) 

Molar ionic 

conductivity 

(ms m2 mol–1) 

H+ (H3O
+) 0.021 2.80 36.23 34.96 

Na+ 1.02 3.58 5.19 5.01 

K+ 1.38 3.31 7.62 7.35 

OH– 0.46 3.00 20.64 19.91 

SO4
2– 2.30 3.79 8.29 16.00 

 

10. pH Dependent Electrochemistry of Nile Blue 

The shift of peak potentials with change in pH is a characteristic feature of proton-coupled 

electron transfer reactions. Generally, for a redox couple in which m protons and n electrons 

are transferred (𝑂𝑥 + 𝑛𝑒− + 𝑚𝐻+ ↔ 𝑅𝑒𝑑), the peak potential, E, varies with pH based on 

Equation S1:33 

𝐸 = 𝐸0 +
𝑅𝑇

𝑛𝐹
𝑙𝑛

[𝑂𝑥]

[𝑅𝑒𝑑]
−

2.303 𝑚𝑅𝑇

𝑛𝐹
𝑝𝐻      (S1) 

 

According to this expression, the slope of a plot of E versus pH should be −2.303 mRT/nF. 

The slope in E versus pH plot of 59 mV/pH shows that the redox reaction mechanism involves 

an equal number of electrons and protons (e.g. 2e−/2H+), if the number of protons involved in 

the redox reaction is twice the number of electrons (e.g. 1e−/2H+), the plot would have a slope 

of 118 mV/pH unit, a slope of 29 mV/pH suggests that the number of electrons is twice the 

number of protons (e.g. 2e−/1H+), and when the potential is independent of pH (slope = 0 

mV/pH), no proton is coupled into the electron transfer process. Figure S9a shows the pH-

dependence of the E values of the NB-GA nanocomposite over the pH range from 1.0 to 14.0. 

Since two electrons are involved in the redox reaction of Nile Blue, the number of protons 

transferred was determined by using Equation S1.  

The detailed CV scans in the pH range from 1.25 to 4.00 revealed two iso-potential points (Eiso) 

in which the peak at 0.06 V (pH 1.25) transforms into a peak centered at -0.40 V (pH 4). The 
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Eiso (−0.15 V in the anodic scans (Figure S9b) and −0.50 V in the cathodic scans vs. Ag/AgCl) 

corresponds to a change in the dominant reaction with changing the pH (with a transition 

centered at pH 2.25). The Eiso is representative of a system consisting of two forms of a redox 

species, which are interconvertible so that the total quantity remains constant. The peak 

potentials shifted cathodically with increasing pH, probably due to the change in electronic 

properties and promoted electron acceptor ability of the Nile Blue by forming an extended 

conjugated system.34, 35  
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Figure S9. (a) CVs of the NB-GA nanocomposite electrode in un-buffered aqueous solution 

at various pH’s. Scan rate = 20 mV s-1. (b) Scale expansion of the CV profiles of the NB-GA 

nanocomposite electrode in the anodic scan showing an iso-potential point. (c) Epa vs. pH plot 

for the NB-GA nanocomposite in un-buffered aqueous electrolytes at various pH’s (obtained 

from the CVs of panel a). 
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As can be seen from the pH-E profile (Figure S9c), there are three linear segments that are 

described by the following equations:  

𝐸 = 0.1045 − 0.0374 𝑝𝐻 (R2 = 992, 0 ≤ pH ≤ 2)     (S2) 

𝐸 = −0.345 − 0.0079 𝑝𝐻 (2 < pH < 11)      (S3) 

𝐸 = 0.2442 − 0.0611 𝑝𝐻 (R2 = 0.99, 11 ≤ pH ≤ 14)    (S4) 

The peak potential of Nile Blue shifts 37 mV/pH for 0 ≤ pH ≤ 2 and 61 mV/pH for 11 ≤ pH 

≤ 14. Given that from the literature the overall oxidation of Nile Blue is known to be a 2e− 

process, this behavior of the Nile Blue redox couple clearly indicates involvement of 2e− and 

1H+ for 0 ≤ pH ≤ 2 and 2e− and 2H+ for 11 ≤ pH ≤ 14. The independence of the peak potential 

on pH for 2 < pH < 11 implies that no protons are involved in the redox reaction of the NB-

GA nanocomposite in the non-buffered aqueous electrolytes.  

Nile Blue in the solution phase is reported to undergo a complex electrochemical 

oxidation mechanism as summarized in Chart S2.36-39 However, based on our findings, the 

reaction scheme for Nile Blue in the NB-GA nanocomposite is inconsistent with previous 

reports that assume involvement of 2e− and 2H+ for acidic electrolytes and 2e− and 1H+ for 

alkaline electrolytes with the transition centered near pH 6.0. This is especially unlikely in a 

H2SO4 electrolyte as it requires Nile Blue to be deprotonated, which is not possible given that 

its pKa is 10.40 Analogous to the redox reaction of hydroquinone on graphene nanoflakes41 as 

well as on a glassy carbon electrode modified by –COOH bearing diazonium salt of 4-

aminophthalic acid,42 a 2e−/1H+ mechanism would, however, be possible in the presence of an 

additional source of protons inside the nanocomposite, such as the COOH-terminating groups 

of the graphene aerogel. In a strongly acidic electrolyte (pH < 2), there would be protons readily 

available via hydroxyl (–OH) and carboxylic acid (–COOH) groups on the basal plane and 

edges of the graphene aerogel to participate in proton transfer reactions (Chart S3) and to 

provide hydrogen bonding sites, thereby providing a situation that substantially differs from 

those in the bulk electrolyte. Likewise, in a strongly alkaline electrolyte (pH >11), deprotonated 

(–COO−) groups would participate in proton transfer reactions, thus proton-coupled electron 

transfer reactions would proceed via a 2e−/2H+ mechanism (Chart S3). The process of 

dimerization and its redox reactions would likely be the same as that outlined in Chart S2.    
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Chart S2. Mechanisms of Nile Blue redox behavior in solution phase.36-39 Possible 

mechanisms of Nile Blue redox reactions in solution (at different pH values) and the synthetic 

pathway for Nile Blue dimers.  

 

 Chart S3. Proposed mechanisms of Nile Blue redox behavior in the NB-GA 

nanocomposite. Possible redox mechanisms of Nile Blue confined onto the graphene aerogel 

at different pH values of the un-buffered electrolytes. 



 

 

24 

 

 

 

11. Optimization of the Nile Blue content 

We optimized the Nile Blue content of the nanocomposites by varying the mass ratio of 

NB to GO from 0.2 to 0.6, and recorded the CV curves (at a scan rate of 20 mV s-1, over 

the potential range from -0.5 to 0.8 V) as an analytical signal (Figure S10). With 

increasing mass ratio of Nile Blue to GO up to 0.4, the integrated area of the CV curves 

increases as well. When the mass ratio of Nile Blue:GO is 0.4, the highest specific 

capacitance of 371 F g-1 is obtained. By further increasing the Nile Blue content in the 

nanocomposite, the mass-normalized capacitance of the electrode starts to decrease. 

This is mainly due to the following reasons: (1) inefficient conjugation of the Nile Blue 

molecules on the GA surfaces, (2) reduced conductivity of the composite due to the 

addition of non-conducting Nile Blue molecules, (3) a decrease in the interlayer distance 

of the GA sheets through electronic interactions, and (4) blockage of the pores, or some 

combination of all four.   

 

Figure S10. Optimization of the Nile Blue:GO mass ratio. a, CVs of the NB-GA electrode (at 20 

mV s-1) with different Nile Blue:GO wt% ratios from 0.2 to 0.6. b, The change in specific capacitance 

as a function of the wt% ratios of Nile Blue to GO for the as-synthesized NB-GA electrodes. 
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12. Electrochemical Studies in a Three-Electrode Cell Setup 

The fascinating pseudocapacitive properties of the NB-GA nanocomposite are 

attributed to the synergistic and combinatorial benefits of Nile Blue and the three-

dimensional hierarchical structure of the graphene aerogel. As a fascinating effect in the 

solid state, π-π stacking interactions are even more favorable when one of the species is π-

electron rich and the other one is π-electron deficient.43 The very strong π-π stacking 

interactions between Nile Blue (as a positively charged electron-deficient species) and GA (as 

an electron-rich unit) help explain the unique features of the nanocomposite and the resulting 

large electronic coupling. In addition, the hierarchically porous structure of GA has several 

advantages for improving the supercapacitive performance of the nanocomposite: first, the 

macropores serve as ion-buffering reservoirs, shortening the ion diffusion pathways and 

boosting the electrochemical kinetics; second, the mesopores provide more channels for ion 

transport, ensuring smaller ion-transport resistance; and third, the micropores increase the 

effective surface area and accommodate charges.44 Thus, a rationally designed carbon 

nanostructure with an excellent balance between microporosity, mesoporosity and 

macroporosity is highly desirable to attain an energy storage device with an exceptional 

performance. 

The specific capacitance of the NB-GA electrode was calculated to be 371 F g-1 at 20 

mV s-1 (in a 1.0 M H2SO4 electrolyte), which is considerably higher than the sum of the 

capacitances of the Nile Blue (19 F g-1) and the graphene aerogel electrodes (192 F g-1), 

i.e. 19  19.8% + 192  80.2 = 157.7 F g-1, indicating a strong synergistic effect between 

the two compounds (note that 19.8 and 80.2 are the percentages of Nile Blue and 

graphene aerogel in the NB-GA nanocomposite). The NB-GA nanocomposite electrode 

also shows a specific capacitance of 145 F g-1 in a neutral (1.0 M Na2SO4) aqueous 

electrolyte, which is a significantly high value for graphene-based materials in neutral 
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electrolytes. In an alkaline (1.0 M KOH) electrolyte, the NB-GA nanocomposite 

electrode exhibits a high specific capacitance of 364 F g-1 (at 20 mV s-1). Figure S11a,b 

show typical CV curves of the NB-GA electrode measured at various scan rates ranging 

from 1 to 200 mV s-1. With increasing scan rate from 1 to 200 mV s-1, the shape of the 

CV curves has no obvious change, indicating fast charge transfer through the graphene 

aerogel network and rapid ion transport through the porous structure of the 

nanocomposite. There are energy rich electrons in the graphene aerogel that could form 

π-π stacking interactions with Nile Blue molecules. Consequently, the redox reaction of 

Nile Blue at the NB-GA nanocomposite is facilitated and proceeds via fast redox 

reaction kinetics that translates into an excellent capacitive performance. 

 

 

Figure S11. Scan rate study of the NB-GA electrode. CV curves of an NB-GA electrode at different 

scan rates in 1.0 M H2SO4 solution. a, 1 to 5 mV s-1 and b, 10 to 200 mV s-1. 

 

Figure S11 clearly shows that the oxidation and reduction peak currents increase 

with increasing scan rate. From the slopes of the linear plots of I vs.  (Figure S12) the 

surface concentration of the Nile Blue can be obtained based on Laviron’s equation as 

follows:45 



 

 

27 

 

𝑖𝑝 =
𝑛2𝐹2𝜈𝐴Γ

4𝑅𝑇
      (S5) 

where n represents the number of electrons, A is the surface area (cm2),  is the surface 

coverage of the Nile Blue (mol cm2) and other symbols have their usual meaning. The surface 

concentration of Nile Blue on the graphene aerogel was calculated to be 1.69  10-10 mol cm-2 

of BET area and 5.22  10-7 mol cm-2 of geometric area, which is higher than that of Nile Blue 

adsorbed onto a graphite electrode (4.19  10-9 mol cm-2 to 9.72  10-9 mol cm-2)46 or covalently 

immobilized on self-assembled thiol-monolayer modified gold electrodes (6.64  10-11 mol cm-

2).47   

  

 

Figure S12. Calculation of the Nile Blue surface coverage by Laviron’s method. Plot of 

the anodic and cathodic peak currents vs. scan rate at lower values of scan rate. The data are 

obtained from the CVs presented in Figure S11. (Note: peak currents are not normalized.)  
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13.  EIS Characterization of the NB-GA Electrode 

Detailed insights into the processes taking place at the NB-GA nanocomposite 

electrodes were provided by the EIS studies. Figure S13 shows Nyquist plots of the NB-

GA nanocomposite electrode over the frequency range from 100 kHz to 10 mHz at 

various electrode potentials in a 1.0 M H2SO4 solution. The equivalent circuit model fit 

to the experimental data is shown in the inset to Figure S13b. In the equivalent 

circuit, ESR represents the equivalent series resistance, comprised of the ionic resistance 

of the electrolyte and the electronic resistance of the electrode. Constant phase elements 

(CPE1-2) are used in the equivalent circuit in place of a capacitor to compensate for 

non-ideal behavior of the electrodes. R1 can be ascribed to the electrolyte impedance in 

the larger interparticle porosity of the NB-GA nanocomposite, as well as the solid-

electrolyte interface (SEI) layer formed on the surface of the electrode.48-50 R2 can be 

attributed to the electrolyte impedance in small channels connecting the larger pores, as well 

as the parallel porous sublayers of different thicknesses, along with the ionic or so-called 

diffusion resistance of the electrolyte.48, 50, 51 The overlapping semicircles can also be ascribed 

to interconnected bi-spherical pores for which the effects of each sphere can be observed at 

different frequencies; the semicircle at higher frequencies can be attributed to the first sphere 

and the semicircle at the middle frequencies originates from the second (deeper) sphere.52 Note 

that, since the large semicircles at the middle frequency region are almost potential 

independent, they cannot be attributed to charge transfer resistance that decreases with an 

increase in applied potential.53 The inclined line in the middle-to-low frequency region, namely 

the slope of the 45° portion right after the second semicircles, can be attributed to the Warburg 

impedance. Looking at Figure S13b, the high frequency ends of the plots intercept the Zre axis 

at nearly the same point due to similar characteristics of the electrodes at different potentials. 

The Nyquist plot of the NB-GA electrode (Fig. 3e, main text) shows a very small ESR 
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value of 0.28 Ω in the high frequency region and a near vertical line at low frequencies. 

The two overlapping semicircles can be attributed to the fact that ion transport in the 

electrolyte and ion insertion into the NB-GA nanocomposite take place simultaneously 

throughout the porous electrode.  Interestingly, the Warburg impedance of the NB-GA 

electrode is 0.265 Ω s−1/2, which is a significantly low value and indicates only a small 

contribution from diffusion-controlled redox processes in the energy storage 

performance of the NB-GA nanocomposite electrode. This traces back to the efficient 

charge/ion transport through the porous structure of the NB-GA nanocomposite. Here, 

the slope of the line at low frequencies is very steep, indicating that the charging process 

is controlled by electric double layer formation. 

 

Figure S13. EIS characterization of the NB-GA nanocomposite electrode at 

different potentials. (a) CV of the NB-GA nanocomposite electrode in 1.0 M H2SO4 

electrolyte in which the potentials of -0.1, 0.0, 0.08, and 0.2 V are marked. (b) A series 

of Nyquist plots measured at different potentials of the CV. Insets: The proposed 

equivalent circuit as well as a magnified high-frequency region. The points are the real EIS 

data and the lines are the fits to the experimental data.  
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At low frequencies, the phase angle of the NB-GA electrode is -81°, very close to the -

90° for ideal capacitors (Figure S14). In addition, a log-log plot of the 

impedance magnitude versus frequency for the NB-GA electrode shows a slope of 

about -0.92 in the low frequency region, which is close to -1.0 expected for ideal 

capacitors. The RC time constants for the NB-GA electrodes, obtained from the Bode 

phase plot at the phase angle of 45 is 176 ms, showing a much faster response time 

than many other conventional activated carbon-based electrochemical capacitors.54 The 

nanocomposite electrode exhibits a very low iR drop even at a high specific current of 

100 A g-1. This characteristic is a consequence of: (i) the high conductivity of the 

nanocomposite, and (ii) the low ion transport resistances of the materials, which are two 

key factors to achieve high-rate energy storage materials. 

 

 

Figure S14. EIS characterization of the NB-GA electrode. The Bode plot (phase angle and the log 

Z, i.e. total impedance, vs. log frequency) for the NB-GA electrode over a frequency range from 100 

kHz to 0.01 Hz. 
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14.  Decoupling the Contribution of Capacitive and Non-capacitive Faradaic 

Processes 

The total stored charge in supercapacitors consists of three major components: 1) 

capacitive non-Faradaic charge storage (known as EDLC), 2) capacitive Faradaic 

charge storage (referred to as pseudocapacitance), and 3) non-capacitive Faradaic 

charge storage (denoted as battery-like behavior).55 According to the theory of the 

voltammetric response, the CV curve of an electrode can be described as:56 

i(ν) = 𝑎𝜈𝑏        (S6) 

and the equation can be rearranged as: 

log 𝑖(𝜈) =  log 𝑎 + b log(𝜈)                          (S7) 

where i is the current (A), ν is the potential sweep rate (V s−1), and a and b are arbitrary 

coefficients. In the above-mentioned equations, A b-value of 0.5 indicates that the 

current is controlled by semi-infinite diffusion (i.e. battery-like behavior), and a b-value 

of 1 demonstrates that surface redox processes follow fast redox kinetics (i.e. capacitive 

charge transfer process). Hybrid systems exhibit a b-value in between. Using Equation 

(S7), the b-value can be determined from the slope of the plot of log i versus log ν as 

shown in Figure S15. The calculated b-value is 0.91, very close to 1, suggesting a typical 

capacitive behavior with fast surface ion adsorption/desorption and reversible redox 

reactions. To quantitatively resolve the contribution from capacitive and battery-like 

processes in the total charge, the following general relationship which holds for any 

material regardless of the charge transfer process can be used:57 

𝑖(𝑉) = 𝑘1𝜈 + 𝑘2𝜈1/2                  (S8)  

where k1 and k2 denote the coefficients for capacitive and battery-like currents, 

respectively. According to Equation (S8), for a redox reaction limited by semi-infinite 

linear diffusion, the i(V) varies with ν1/2, and for a capacitive process, the i(V) varies 

directly with ν. Equation (S8) can be rearranged as: 
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𝑖(𝑉) 𝜈1/2⁄ = 𝑘1𝜈1/2 +  𝑘2      (S9) 

 

Figure S15. The log(i) versus log(v) plot of the cathodic peak currents. 

 

 

 

Figure S16. Trasatti analysis, utilizing the dependence of the voltammetric charge storage on the 

sweep rate. a, As ν → ∞, extrapolation of the charge storage versus the ν−1/2 curve gives the capacitive 

charge storage (qcapacitive). b, As ν → 0, extrapolation of the inverse capacity versus the v1/2 curve gives 

the total charge (qtotal). 

 

Here, Trasatti's method is used to mathematically deconvolute the contribution from 

capacitive and diffusion-controlled processes in the total charge stored.58, 59 According to 

Trasatti's theory, we can separate the total stored charge (q) into two parts, (1) the charge arising 
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from the surface capacitive charge storage processes (qc), and (2) the charge arising from 

diffusion-controlled ion intercalation processes (qd): 

𝒒(𝝂) =  𝒒𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒊𝒗𝒆 +  𝒒𝒅𝒊𝒇𝒇𝒖𝒔𝒊𝒐𝒏                           (S10) 

which can be rewritten as: 

𝒒(𝝂) = 𝒒𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒊𝒗𝒆 +  𝜶(𝝂−𝟏/𝟐)                            (S11) 

where q(υ) is the voltammetric charge calculated by integration of the area under the CV, 

qcapacitive is the capacitive charge (both from double layer and pseudo-capacitive processes), and 

αν−1/2 indicates charge storage associated with semi-infinite diffusion, where α is a constant 

and ν is the sweep rate. The qcapacitive value corresponding to surface-dominant processes is 

obtained at an infinite potential sweep rate (v → ∞), due to capacitive charge storage processes 

that will be almost always constant at any sweep rate, whereas charge storage processes coming 

from diffusion-controlled redox processes are highly dependent on the sweep rate. Thus, at 

sufficiently high sweep rates, more of the diffusion-controlled redox processes are excluded 

from contributing to the charge storage. Therefore, according to Equation (S11), qcapacitive can 

be estimated from the extrapolation of q(ν) to ν = ∞ from the plot of q(ν) versus ν-1/2. As shown 

in Figure S16a, the value of qcapacitive is estimated to be 464 C g-1. Otherwise, the maximum 

total charge density (qtot) is obtained when v → 0, because the electrochemical reaction time-

scale is long enough to allow the full contribution from diffusion-controlled processes. Since 

q(υ) increases linearly with v-1/2, it is reasonable to expect that 1/q(υ) decreases linearly with 

v1/2 as follows: 

𝟏 𝒒(𝝂)⁄ =  𝟏 𝒒𝒕𝒐𝒕 +  𝜶(𝝂𝟏/𝟐)⁄               (S12) 

Therefore according to Equation (S12), qtotal was calculated to be 505 C g-1 from the 

extrapolation of the trend line of 1/q(ν) to ν = 0 from the 1/q(ν) versus ν1/2 plot, as shown in 

Figure S16b. Consequently, the difference between the total charge (qtot) and the capacitive 
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charge storage (qcapacitive) gives the charge associated with the diffusion-controlled processes 

(qdiffusion). 

𝒒𝒅𝒊𝒇𝒇𝒖𝒔𝒊𝒐𝒏 = 𝒒(𝝂) − 𝒒𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒊𝒗𝒆              (S13) 

Using Equation (S13), we can conclude that qdiffusion is just 41 C g-1. The ratio of the capacitive 

charge storage to the total charge storage is 91%, which is in excellent agreement with the 

analysis mentioned in the main text and indicating that the majority of the charge storage occurs 

via a non-diffusion controlled manner in our system.  
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Table S3. Comparison of the NB-GA Electrode with other Pseudocapacitive Materials Based 

on their Contribution to Capacitive Charge Storage 

Electrode materials 
Capacitive 

contribution (%) 

Scan rate 

(mV s-1) 

Mass loading 

(mg cm-2) 
Ref 

NS-GNS 74 1 1.8 60 

Ti3C2Tx/CF 75 50 0.8 61 

α-MoO3 
70 0.1 - 62 

MoO2-RGO hybrid 83.5 1 1.0 63 

mesoporous CeO2 70 0.5 - 64 

mp-MoS2 (Li-ion electrolytes) 

mp-MoS2 (Na-ion electrolytes) 

91 

82 

1 
0.036 59 

reduced α-MoO3-x (R-MoO3-x) 75 1 0.04 65 

Templated Nanocrystal TiO2 65 10  66 

TiO2 Nanoparticles 55 0.5 0.01-0.015 67 

V2O5/CNT nanowire 70 1 1-3 68 

2D-TiS2 85 1 0.34 69 

b-MoS2 

nc-MoS2 

62 

83 
1 1.0 70 

GF–SnS 84 0.8 ~1.0 71 

 MoS2-xSex/GF 68.4 0.4 1.95 72 

Na2Ti3O7@C HHSs 88.3 10 1.0 73 

 SnO2@P@GO 63.2 0.1 1.5-2.0 74 

Ni3S2-Ni  81 
1 

- 75 

GF@Fe2O3 
78 50 - 76 
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Lig/PEDOT 66 
100 

- 77 

G-NCs 50 2 0.8 78 

Nanoflower-like WO3 (NFL-WO3) 83 100 3.31 79 

MnO2–MNC 90.4 10 6.0 80 

mesoporous MCNO-HNTs 55.7 2 0.8-1.2 81 

HPCO 83.2 1 1.5-2.0 82 

V2O5.nH2O 51.3 1 2.0-3.0 83 

TiO2@MoO2-C 
60 1 0.7-0.8 84 

NVP–AHD 64 5 
- 85 

Mo1.33C MXene 45 2 ~1.0 86 

MnS-CT composites 17.15 

61 

2 

20 
1.25 87 

NiMoO4 nanoflakes 60 1  88 

Thionine functionalized 3D 

graphene aerogel (Th-GA) 
93 1 2.0 15 

Nile Blue functionalized 3D 

graphene aerogel (NB-GA) 
93.4 2 2.0 

This 

work 
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The capacitive-dominant NB-GA nanocomposite demonstrates excellent electrochemical 

performance as a negative electrode material in all acidic, neutral and alkaline aqueous 

electrolytes. The NB-GA nanocomposite has several distinct and beneficial features including: 

desirable electronic properties (since the non-covalent π-π stacking interactions do not disrupt 

the sp2 structure and the extended π-conjugation on the graphene aerogel surfaces); a 3D 

hierarchical porous structure without structural collapse; the uniformity of the distributed Nile 

Blue species in between the graphene sheets; and the full exposure of active sites to the 

electrolyte. Such a conjugated product ensures the high electronic conductivity of the NB-GA 

nanocomposite, while the porous structure of the nanocomposite enables a fast transport of 

ions, thus leading to faster kinetics and higher utilization of active material. The NB-GA 

electrode exhibits specific capacitance of 483 F g-1 at 1 A g-1 in an H2SO4 electrolyte, which is 

an extremely high value and quite rare for negative electrode materials. 

 

To demonstrate robust stability and applicability of the NB-GA nanocomposite across 

a wide range of pH values, we designed a symmetric NB-GA NB-GA supercapacitor 

along with asymmetric NB-GA MnO2 and NB-GA LDH supercapacitors in acidic, 

neutral and alkaline electrolytes, respectively. The devices demonstrate excellent 

supercapacitive performances in all three kinds of electrolytes. 

  



 

 

38 

 

15. Electrochemical Properties of the NB-GA NB-GA symmetric device 

 

Figure S17. Electrochemical evaluation of a NB-GA NB-GA symmetric device in an aqueous 

1.0 M H2SO4 electrolyte. a, CV curves of the NB-GA NB-GA device at different potential windows 

(ν = 50 mV s-1). b, Nyquist plot of the NB-GA NB-GA symmetric device in the frequency range from 

100 kHz to 10 mHz. The inset shows the magnified high-frequency region. c, Long-term cycling 

stability of an NB-GA NB-GA symmetric device over 5,000 consecutive GCD cycles at a current 

density of 5 A g-1. 

Figure S17a presents typical CV curves of the NB-GA NB-GA symmetric device 

at a scan rate of 10 mV s−1 with different cutoff potentials from 0.8 to 1.4 V. As shown 

in Figure S17a, a small current leap appears at the end of the charging process when the 

potential exceeds 1.4 V. This can be attributed to the decomposition of H2O at high 

overpotentials that diminishes the Coulombic efficiency and stability of the device over 

successive cycles. Therefore, we selected an operating voltage window of 1.3 V for the 

symmetric NB-GA NB-GA device, which is also in accordance with the potential 

window of the NB-GA electrode in a three-electrode system. 

Figure S17b displays Nyquist plots of the NB-GA NB-GA symmetric device in a 

frequency range from 100 kHz to 10 mHz. The semicircle at high frequency is followed 

by a near-vertical line at low frequency, which confirms a close to ideal capacitive 

behavior of the device. According to the Nyquist plot, the intercept of the imaginary 

part at the real axis, which represents the ESR, is ~0.88 Ω. The low value of ESR 
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demonstrates the low internal resistance of this device. The diameter of the semicircle 

at high frequencies, which represents Rct, is also very small (0.24 Ω) for the NB-GA 

NB-GA symmetric device, indicating fast reaction kinetics and excellent 

electrochemical activity of the nanocomposite.  

Furthermore, the relationship between the specific current and specific capacitance 

of the NB-GA NB-GA device is illustrated in Fig. 3j (main text). As can be seen, the 

NB-GA NB-GA device shows a high rate capability (69% retention of the initial 

capacitance obtained at 1 A g-1 at a specific current of 20 A g-1), highlighting the good 

rate capability of the device. In addition, the Nyquist plot of the NB-GA NB-GA 

symmetric device shows low resistance and good capacitive charge storage (Figure 

S17b). 

Cycling stability is another important requirement that verifies practical 

applicability of a supercapacitor. We evaluated cycling capability of the NB-GA NB-

GA device by recording 5,000 continuous GCD cycles at a specific current of 5 A g-1. 

As shown in Figure S17c, the symmetric NB-GA NB-GA device retains 91% of its 

initial capacitance after 5,000 charge/discharge cycles which indicates excellent 

electrochemical stability. 
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16.  Electrochemical Properties of the NB-GA MnO2 Asymmetric Device 

 

 

 

Figure S18. Electrochemical evaluation of an NB-GA MnO2 asymmetric device in an aqueous 

1.0 M Na2SO4 electrolyte. a, CV curves of an NB-GA MnO2 device at different potential windows 

from 1.8 V to 2.5 V (ν = 10 mV s-1). b, CV curves of the NB-GA MnO2 device at different scan rates. 

c, Long-term cycling stability of an NB-GA MnO2 asymmetric device over 5,000 consecutive GCD 

cycles at a current density of 5 A g-1. 

An asymmetric supercapacitor architecture, assembled using two dissimilar electrode 

materials, allows the operating voltage window to be extended beyond the thermodynamic 

stability limit of water (i.e. 1.23 V), thereby, offering much higher energy and power 

densities.89 

We recorded the CV curves of the NB-GA MnO2 asymmetric device at different 

potential windows (at a scan rate of 10 mV s-1) until the polarization trend of the electrolyte 

becomes very obvious (Figure S18a). Noticeable decomposition of water starts at an ultrahigh 

voltage of 2.5 V, more than two times wider than the thermodynamic breakdown window of 

water, and increases in rate as the voltage is increased. However, to ensure long-term stability 

of its operation, we limited the working voltage window of the NB-GA MnO2 device to 2.3 

V. Figure S18b presents CV curves of the NB-GA MnO2 asymmetric device at various scan 

rates. Noticeably, the device retains the quasi-rectangular shape of the CV curves at different 
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scan rates ranging from 5–100 mV s−1, demonstrating a high rate capability and reversibility 

for the device. 

A maximum specific capacitance of 75 F g−1 was obtained at specific current of 1 A g−1. The 

relationship between specific capacitance and specific current of the NB-GA MnO2 

asymmetric device is illustrated in Fig. 4j (main text). As can be seen, a 24% capacitance 

retention at a high specific current of 20 A g−1 provides additional evidence for good rate 

capability. 

In order to investigate the long-term cycling stability of the device, we performed over 

5,000 GCD cycles at a specific current of 5 A g−1. As shown in Figure S18c, NB-GA MnO2 

asymmetric device retained 83% of their initial capacitance indicating good cycling stability 

for the device. 
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17.  Electrochemical Properties of the NB-GA LDH Asymmetric Device 

 

 

Figure S19. Electrochemical evaluation of an NB-GA LDH asymmetric device in an aqueous 

1.0 M KOH electrolyte. a, CV curves of an NB-GA LDH device at different potential windows 

ranging from 1.0 to 1.7 V (ν = 10 mV s-1). b, CV curves of the NB-GA LDH device at different scan 

rates ranging from 5 to 100 mV s-1. c, Long-term cycling stability of an NB-GA LDH device at a 

current density of 5 A g-1 over 5,000 consecutive GCD cycles. 

 

Figure S19a presents typical CV curves of the NB-GA LDH asymmetric device with 

various upper cutoff voltages from 1.0 to 1.7 V at a scan rate of 10 mV s−1. As can be seen, 

the device works stably even at a high voltage of 1.7 V. However, to keep the 

decomposition of water to a minimum and ensure long-term stability of the device under 

operation, we limited the operating voltage window of the NB-GA LDH asymmetric 

device to 1.5 V, which is still wider than the thermodynamic breakdown window of water and 

much higher than that of conventional activated carbon-based capacitors in aqueous 

electrolytes (0.8−1.0 V).90 Figure S19b illustrates the shape retention of the CV curves at 

different scan rates up to 100 mV s−1, demonstrating excellent rate capability and reversibility 

of the NB-GA LDH asymmetric device. 
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The device exhibits an ultrahigh specific capacitance of 347 F g−1 at 1 A g−1, and provides 

a capacitance of 188 F g−1 at a high specific current of 20 A g−1 (54% capacitance retention), 

indicating the excellent rate capability of the NB-GA LDH device (Fig. 4j, main text).  

In order to investigate the long-term cycling stability of the device, we performed over 5, 

000 GCD cycles at a specific current of 5 A g-1. As shown in Figure S19c, the NB-GA LDH 

device retained 81% of initial capacitance after 5,000 consecutive cycles, indicating good 

cycling stability. 
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18.  Practical Applications 

 

 

Figure S20. Practical application of an NB-GA MnO2 prototype device. a, Demonstration 

of the practical applicability of a single NB-GA MnO2 prototype device to a solar-powered 

system that makes energy on-site, and can run a clock for more than 12 min. b, Schematic 

demonstration of the circuit used for solar-powered charging of the supercapacitor. 
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Table S4. Comparison of the Electrochemical Performances of the NB-GA NB-GA Device with Other Functionalized Graphene-Based 

Symmetric Devices 

Symmetric device C device at specific 

current  

Specific energy Cycles Retention Electrolyte ∆V (V) 
Ref. 

Hydroquinone/graphene 

Hydrogels (FGHs) 

441 F g-1 

at 1 A g-1 

15.3 W h kg-1 10,000 86% at 10 A g-1 1 M H2SO4 1.0 91 

Alizarin/self-assembled graphene hydrogels (AZ–SGHs) 285.6 F g-1 

at 1 A g-1 

18.2 W h kg-1 at 

700 W kg-1 

1,000 88% at 5 A g-1 1 M H2SO4 1.4 92 

Poly(p-phenylenediamine)/graphene (PpPD/graphene) 284 F g-1 

at 2 A g-1 

8.6 W h kg-1 at 

500 W kg-1 

1,000 72% at 10 A g-1 1 M H2SO4 1.0 93 

Nafion-functionalized 

reduced graphene oxide (f-RGO) 

118.5 F g-1 

at 1 A g-1 

--- 1,000 no significant 

changes at 1 A g-1 

solvent-cast 

Nafion 

1.0 94 

Acid-assisted functionalized graphene (a-FG) 417 F g-1 

at 50 mA g-1 

14.48 W h kg-1 1,000 no significant 

changes at 10 A g-1 

6 M KOH 1.0 95 

1- Pyrene Carboxylic-Acid Functionalized Graphene 1-@ 10 mVs 1-F g  202 7 W h kg-1 - - 6 M KOH 1.0 96 

Aminopyrene 

functionalized reduced graphene oxide (Ap-rGO) 

160 F g-1 @ 5 mV s-1 5.6 W h kg-1 5,000 85% at 0.5 A g-1 6 M KOH 1.0 97 

Butane-1,4-diamine functionalized reduced graphene 

oxide (BDA-rGO) 

208 F g-1 

at 1 A g-1 

7.2 W h kg-1 10,000 92% at 1 A g-1 1 M H2SO4 1.0 98 

Triethanolamine (TEA) functionalized reduced graphene 

oxide (TEA/rGO) 

211F g-1 

at 1 A g-1 

7.2 W h kg-1 10,000 91.7% at 2 A g-1 1 M H2SO4 1.0 

99 
118 F g-1 @ 10 mV s-1 25.7Wh kg-1 10,000 91.4% at 2 A g-1 1 M 

TEA/BF4 

2.5 

p-phenylenediamine functionalized rGO(GHPPD) 303.88 F g-1 

at 0.5 A g-1 

6.75 Wh kg-1 4,000 87.14% at 2 A g-1 2 M H2SO4 0.8 100 

m-benzenediol-reduced graphene oxide hydrogels (o-

rGOHG80) 

221 F g-1 

at 1 A g-1 

8.2 W h kg-1 at 

125 W kg-1 

10,000 1-mV sat 250 %  95.5 1 M H2SO4 1.0 101 

Lignosulfonate functionalized graphene 

hydrogels (LS-GHs) 

408 F g-1 

at 1 A g-1 

13.8 W h kg-1 at 

500 W kg-1 

10,000 84% at 2 A g-1 PVA-H2SO4 

gel 

1.0 102 

Egg protein derived carbon/ reduced graphene oxide 

(EDC/rGO) composite 

325 F g-1 

at 0.1 A g-1 

11.3 W h kg-1 at 

25 W kg-1 

10,000 ~ 100% at 5 A g-1 1 M H2SO4 1.0 103 

1,8-dihydroxyanthraquinone functionalized  reduced 

graphene oxide nanosheets (DT-RGNs) 

284 F g-1 

at 1 A g-1 

12.6 W h kg-1 at 

700 W kg-1 

10,000 92.4% at 10 A g-1 1 M H2SO4 1.1 104 

Thionine functionalized 3D graphene aerogel (Th-GA) 384 F g-1 

at 1 A g-1 

25.8 W h kg-1 at 

460 W kg-1 

6,000 82% at 10 A g-1 1 M H2SO4 1.4 

15 
235 F g-1 

at 1 A g-1 

32.6 W h kg-1 at 

753.2 W kg-1 

4,000 86% at 2 A g-1 1 M Na2SO4 2.0 

Nile Blue functionalized 3D graphene aerogel (NB-GA) 376 F g-1 

at 1 A g-1 

22 W h kg-1 at 

426 W kg-1 

6,000 91% at 5 A g-1 1 M H2SO4 1.3 This 

work 
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19.  Calculations 

19.1. Capacitance of a Single Electrode: 

We calculated the capacitances of the supercapacitors based on both the CV curves and the GCD 

profiles. The integrated area under a CV curve is equivalent to the charge that is stored during the 

anodic scan and delivered during the cathodic scan. The specific capacitance can be calculated, 

according to the following equation: 

𝑪𝒔𝒑,𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆 =
∫ i dV

𝒎 𝝂 ∆𝑽
        (S14)             

where ʃidV (V.s) is the integration of the current-potential curve during the discharge, m (g) 

indicates the mass of the material loaded onto the electrode, ∆V (V) is the working voltage window, 

and  (V s−1) is the scan rate.  

We also calculated the specific capacitance from the GCD profiles based on the following 

equation: 

 𝑪𝒔𝒑,𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆 =
2 × I × ∫ Vdt

∆V2 × m 
                              (S15) 

where ʃVdt (V.s) is the integration of the potential-time curve during the discharge, m (g) indicates 

the mass of the material loaded onto the electrode, ∆V (V) is the working voltage window and I 

(A) represents the discharge current. 

19.2. Capacitance of Symmetric and Asymmetric Devices 

The gravimetric (specific) capacitance of a symmetric device can be calculated from the CV curves 

and GCD profiles according to Equations S16 and S17 as follows: 

𝑪𝒔𝒑,𝒅𝒆𝒗𝒊𝒄𝒆 =
∫ i dV

𝒎 𝝂 ∆𝑽
       (S16) 
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 𝑪𝒔𝒑,𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆 =
2 × I × ∫ Vdt

∆V2 × m 
      (S17) 

where m (g) indicates the total mass of the materials loaded onto both the negative and positive 

electrodes. 

The specific capacitance of each of the positive and negative electrodes is calculated from the 

capacitance of a full symmetric cell according to:  

 𝐶𝑠𝑝,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 (𝐹 𝑔−1)  =  4 × 𝐶𝑠𝑝,𝑑𝑒𝑣𝑖𝑐𝑒 (𝐹 𝑔−1)   (S18) 

19.3. Energy density and power density of symmetric and asymmetric devices 

Specific energy (ES, Wh kg−1) and specific power (PS, W kg−1) are calculated based on the total 

mass of the materials loaded onto both the positive and negative electrodes. 

 𝐄𝐬𝐩 =
1000 × I × ∫ V dt

3600 × m
       (S19)  

 𝐏𝐬𝐩 =
Esp, device×3600

t
                   (S20)    

19.4.  Mass balancing of devices 

To balance the charges stored on each of the positive and negative electrodes (Q), the mass loading 

ratio of the electroactive materials on each electrode is obtained by the following equation:1 

𝑸+ = 𝑸−  →  𝒎+ ×  ∆𝑽+  ×  𝑪+ =   𝒎− ×  ∆𝑽−  ×  𝑪−              (S21) 

where m is the mass of the active material (g), C is the specific capacitance (F g-1), and ΔV is the 

potential range for the charge/discharge process (V). Electrochemical properties of the positive 

and negative electrodes are studied individually in a three-electrode cell setup. Thus, the optimal 
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mass ratio between the two electrodes m+/m− can be adjusted to get the optimal performance of an 

asymmetric supercapacitor. 

19.5. Calculation of the Percentage of the Nile Blue Molecules in the NB-GA 

Nanocomposite 

We estimated the percentage of the Nile Blue molecules on the rGO surfaces based on the 

elemental analysis from the XPS experiment. Briefly, the elemental analysis shows that the wt% 

of N in the GA and NB-GA assemblies were 5.58% and 8.46%, respectively. Thus, 2.61% nitrogen 

in the NB-GA sample is related to the presence of Nile Blue in the structure. Since, there are three 

nitrogen atoms in the Nile Blue unit structure (C20H20N3O), the wt% of Nile Blue in the assembly 

is (3.1% ÷ 14) ÷ 3  318.41 ≈ 19.8%.  
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