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Figure S1. Characterization of NG and US-NG: (a) SEM image (50 μm scale) and (b) zoomed-in SEM 

image (10 μm) of NG; (c) SEM image and (d) zoomed-in SEM image of  US-NG. 
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Figure S2. Characterization of US-HOPG: (a) XRD of US-HOPG (b) Raman spectrum of US-

HOPG. 

Table S1. Quantification of structural parameters of US-HOPG from XRD and Raman spectroscopy. 

Material g (%) Lc (nm) LD (nm) nD (cm-2) La (nm) 

US-HOPG 96.66 97.50 84.16± 0.14 (4.48 ±0.25)˟109 963.31 

Calculation of the structural parameters for graphite  

The structural parameters such as degree of graphitization (%) and crystallite domain 

size along the c-axis (Lc) for NG, US-NG, and US-HOPG were determined from XRD with 

accurate determination of 2θ, interlayer spacing (d002) and width of the (002) XRD peak.  

The degree of graphitization can be calculated by using the following equation [1].  

𝑔 (%) =
0.3440−𝑑002 

0.34440−0.3354
 𝑥100                                                (S1) 

Where 0.3440 (nm) is the interlayer spacing of non-graphitized carbon and 0.3354 

(nm) is the interlayer spacing of ideal graphite crystal, and d002 the interlayer spacing of 

the measured sample. 

The crystallite domain size (Lc) along c-axis for the hexagonal graphitic structure can 

be calculated by using the Scherrer equation as follows [2,3]: 

𝐿 =
𝑘𝜆

𝛽𝑐𝑜𝑠Ɵ
                                               (S2) 

where k is the Scherrer constant and has value of 0.89 for c-axis, λ (nm) is the wave-

length of incident X-rays, β (radian) is the full width at half maximum of the respective 

XRD peak, and Ɵ is the observed Bragg’s angle.  

Raman spectroscopy has been widely used to probe the disorder in the crystal lattice 

of graphitic materials. The ratio of disorder-induced D peak in the lattice structure to the 

doubly degenerate Raman active G peak (ID/IG) enables us to calculate the lateral domain 

size along a-axis (La) by the following equation [4]. 

𝐿𝑎(𝑛𝑚) = 2.4 × 10−10𝜆𝐿
4 (

𝐼𝐷

𝐼𝐺
)

−1
                              (S3) 

where λL (nm) is the wavelength of the laser used to measure the Raman spectra. 

The ID/IG ratio can also be used to estimate the inter-defect distance (LD) and defect 

density (nD) by the following equations as reported by Cancado et al. [5]. 

𝐿𝐷
2  (𝑛𝑚2) = (1.8 ± 0.5) × 10−19𝜆𝐿

4 (
𝐼𝐷

𝐼𝐺
)

−1
                              (S4) 
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    𝑛𝐷 ((𝑐𝑚−2)) =
(1.8±0.5)×1022 

𝜆𝐿
4  (

𝐼𝐷

𝐼𝐺
)                             (S5) 

 

The electrochemical kinetics for (de)intercalation of ClO4- anion  

The electrochemical kinetics for the (de)intercalation of the ClO4- anion can be re-

vealed by the CV analysis. The ion diffusion or surface control process occurring during 

the intercalation/deintercalation of the ClO4- anion can be disentangled by using the 

power-law relationship between the peak current (i) and the scan rate (v) as analyzed from 

CV [6,7]. The power-law relationship can be written as: 

𝑖 =  𝑎 𝑣𝑏                               (S6) 

where a and b are adjustable parameters. The b value can be obtained from the slope 

of the log(i) vs. log(ν) plot. The value of b = 0.5 indicates that the charge/discharge process 

is controlled by ion diffusion, while b = 1 indicates a purely surface-controlled process. 

The b value between 0.5 and 1.0 corresponds to the presence of both surface and diffusion-

controlled processes. 

 

Figure S3. Electrochemical characteristics of US-HOPG using aqueous Al(ClO4)3 electrolyte solution: 

(a) cyclic voltammograms of  US-HOPG (1 mVs-1) (b) CV of US-HOPG at different scan rates (1 to 9 

mVs-1); (c) specific capacity of US-HOPG at a current density of 250 mAg-1; (d) rate capability of US-

HOPG at current densities from 100 mAg-1 to 500 mAg-1 using 2.4 M Al(ClO4)3 aqueous electrolyte 

solution. 

Note 1: 

The chemical composition of fresh US-NG material was analyzed by XPS (Figure S4). 

To elucidate the potential effects of airborn surface contamination, the sample was etched 

by Ar+ ion clusters for 600 seconds (see Experimental section, main text, for more detail). 
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The presence of C, O, Fe, and Ar were observed in the wide-scan survey spectrum of US-

NG (Figure S4a). The Fe signal originates from the sample holder and the presence of Ar 

could be due to the adsorbed Ar at the surface after sputtering. The concentration of Ar 

was zero before sputtering as can be seen from Table S2. Figure S4b shows the deconvo-

luted high resolution core level XPS spectrum of C1s. The shift in C=C and C-C peaks 

towards the lower frequency of 284.0 and 284.6 eV, respectively, could be attributed to the 

decoration of the graphite flakes by the functional groups. The designated oxygen-bearing 

groups attached to graphitic carbon as C-O, C=O, O-C-O and O-C=O, respectively, at bind-

ing energy (eV) of 285.5, 285.4, 288.4, and 289.4, and the hydroxyl groups C-OH and O=C-

OH at binding energy (eV) of 286.4 and 290.3, respectively [8–11], can be seen in the high 

resolution deconvoluted core level XPS spectrum of C1s (Figure S4b). The presence of the 

carboxyl and hydroxyl functional groups at the graphite surface might originate from to 

the decomposition of the NMP solvent or surface oxidation as represented in Figure S4b. 

The presence of carboxylic and hydroxyl functional groups attached to graphitic carbon 

was also determined from corel level XPS spectrum of O1s (Figure S4c). The presence of 

C-O, C=O, O=C-O, C-OH, and COO/HOH at binding energy (eV) of 530.6, 531.6, 532.6 

533.8 and 535.1 respectively [12–14], can be seen from the deconvoluted high resolution 

XPS spectrum of O1s.  

 

 

Figure S4. XPS analysis of fresh US-NG after Ar+ ion etching: (a) Wide-scan survey XPS spectrum; 

(b) the high-resolution deconvoluted XPS spectrum of the C1s core levels; (c) high-resolution core 

level XPS spectrum of O1s of US-NG. 

Table S2. XPS elemental analysis of fresh US-NG material. 

Sample Etching time (sec) C (at.%) O(at.%) Ar (at.%) 

US-NG 0 96.8±0.09 3.2 ± 0.09 0.0 

 600 94.7±0.10 1.0 ± 0.12 4.3±0.11 
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Figure S5. Ex-situ Raman spectra of graphite (a) ex-situ Raman spectra of US-NG and (b) US-HOPG 

during pristine, charged and discharged state in Al(ClO4s)3 aqueous electrolyte solution. 

Table S3. XPS elemental analysis of fresh, charged, and discharged US-NG. 

Sample Etching time (sec) C (at.%) Al (at.%) Cl (at.%) O (at.%) 

Fresh 600 98.7 ± 0.39 --- ---- 1.3 ± 0.25 

Charged 600 59.4 ± 0.68 7.5 ± 0.21 5.8 ± 0.12 27.3 ± 0.43 

Discharged 600 91.3 ± 0.60 0.79 ± 0.17 1.0 ± 0.07 6.9 ± 0.32 
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