
SUPPLEMENTARY INFORMATION 

 

Void space control in porous carbon for high density supercapacitive 

charge storage 

 

Bincy Lathakumary Vijayan1, Nurul Khairiyyah Mohd Zain1, Izan Izwan Misnon1, M. V. 

Reddy2, Stefan Adams3, Chun-Chen Yang4, Gopinathan M. Anilkumar,5 and Rajan Jose1* 

 

1Nanostructured Renewable Energy Materials Laboratory, Faculty of Industrial Sciences & 

Technology, Universiti Malaysia Pahang, 26300 Kuantan, Malaysia; 2Centre of Excellence in 

Transportation Electrification and Energy Storage (CETEES), Hydro-Québec,  Varennes, Qc, J3X 

1S1, Canada; 3Department of Materials Science and Engineering, National University of 

Singapore, Singapore 117576, Singapore; 4Battery Research Center of Green Energy, Ming 

Chi University of Technology, New Taipei City, Taiwan; 5 R&D Center, Noritake Co Ltd, 

300 Higashiyama, Miyoshi, Aichi 470-0293, Japan;  

* Corresponding author. E-mail: rjose@ump.edu.my (Rajan Jose) 

 

 

The Supplementary Information is divided into three parts: (1) Supplementary Tables, (2) 

Supplementary Figures, and (3) Supplementary Data. References of the Tables are appended 

as the last section.     

mailto:rjose@ump.edu.my


SUPPLEMENTARY INFORMATION 

 

Supplementary Table S1. Summary of various carbon from carbon rich organic precursors 

for supercapacitor applications 

 

Precursor Method of 

synthesis 

Surface 

area 

(m2 g-1) 

Electrolyte CS (F g-1) Scan 

rate/Current 

density 

CS 

Retentio

n (%)/ 

Cycle 

number 

Ref. 

Dead 

Neem 

leaves 

single-step 

pyrolysis 

1230 1 M H2SO4 400  0.5 A g-1 NR 1 

Loofah 

sponge 

KOH 

activation 

2718 6 M KOH 309.6 1 A g-1 81 

/10000 

2 

Rapeseed 

dregs 

(RDs) 

ZnCl2 

activation 

1417 1 M H2SO4 170.5  5 mV s−1 90/6400 3 

Cladophor

a glomerat

a 

slow 

pyrolysis 

technique  

354 3 M KCl 376.7 1 A g−1  92/ 

5000  

4 

Tremella KOH 

activation 

3760  6 M KOH  71  1 A g−1 99/1000 5 

Stiff 

silkworm 

KOH 

activation 

2523 6 M KOH 304  1 A g−1 95 /4000 6 

Coconut 

fiber 

Simple one 

step 

pyrolysis 

7  1.0 M KOH 236 2 mV s-1 100/500

0 

7 

Lotus 

pollens  

CO2 activa

tion 

2566 1 M H2SO4 244  0.1 A g−1 100/100

0 

8 

Sugarcane

 bagasse  

KOH 

activation 

2296  1 M 

Na2SO4 

320  0.5 A g−1 93/1500

0 

9 

Shiitake 

mushroom 

KOH 

activation 

2988 6 M KOH  306  1.0 A g−1 96/1500

0 

10 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/cladophora
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/cladophora
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Potato 

starch & 

Eucalyptu

s sawdust  

hydrochar/

KOH activ

ation 

3300  EMImTFSI 160  1 A g-1 90/1000 11 

Corncob pyrolysis 

&KOH 

activation 

3054 6 M KOH 328 0.5 A g-1 91/1000

0 

12 

Sunflower 

seed shell 

KOH 

activation 

2509 30 wt% 

KOH 

311 250 mA g-1 NR 13 

Cassava 

peel waste 

KOH 

activation 

1352 0.5 M 

H2SO4 

264 NR NR 14 

Carrageen

an 

 

KOH 

activation 

2502 6 M KOH  230 1 A g-1 95/1000 15 

Enteromor
pha 
prolifera 

 

self-

template 

method 

 

3332 6 M KOH 210  3 A g-1 NR 16 

Apricot 

shell 

NaOH  

activation 

2335 6 M KOH 339  50 mA g-1 NR 17 

Bamboo 

char 

K2FeO4 

activation 

1732 6 M KOH 222 0.5 A g-1 NR 18 

Bamboo KOH 

activation 

2221 3 M KOH 293 0.5 A g-1 NR 19 

Palm 

kernel 

shell  

KOH 

activation 

462.1 1 M KOH 210 0.5 A g-1 95/1000 20 

Palm 

kernel 

shell  

Steam 

activation 

727.3 

 

1 M KOH 123 0.5 A g-1 97/1000 20 
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Palm 

kernel 

shell  

KOH 

activation 

506.7 1 M 

Na2SO4 

150 1 A g-1 97/5000 This 

work 

 

 

Supplementary Table S2. Summary of various pseudocapacitive material filled AC for 

supercapacitor applications. NR stands for “Not Reported”. 

 

Composite Method of synthesis CS (F g-1) Potential 

window 

(V) 

CS 

Retention 

(%)/ 

Cycle 

number 

Ref. 

Macroporous 

carbon/ 

MnO2 nanosheets 

Hydrothermal method 386 (1M Na2SO4 at 1 

A g−1) 

0.8 83/5000 21 

CS@MnO2 Hydrothermal method 178(0.5 M Na2SO4 1 

A g−1) 

0.8 NR 22 

MnO2/ACFs Hydrothermal method 135 (1M Na2SO4 at 

10 mA cm−2) 

1 99/3000 23 

Macroporous 

Mn2O3/carbon 

Two-step process 349 (1 M Na2SO4 at 

50 mA g-1) 

0.8 89/2000 24 

MnO2/carbon 

sphere/graphene 

Sonication 319 (1 M Na2SO4 at 

1 A g-1) 

0.8 94/5000 25 

MnO2/C Direct reaction 328 (1 M Na2SO4 at 

0.5 A g-1) 

1 88/4000 26 

Carbon nanotube@ 

manganese oxide 

nanosheet 

Seeded growth 298 (0.5 M Na2SO4 at 

0.5 A g-1) 

0.8 90/5000 27 

MnO2/RHC in -situ chemical 

precipitation 

210 (0.5 M Na2SO4 at 
0.5 A g-1) 
 

1 80/5000 28 

3D Ni/CNTs ED-CVD method 175(1 M Na2SO4 at 5 A 
g-1) 

1 99/10000 29 

10 wt.% 

Mn2O3@AC 

KOH activation 350 (1 M Na2SO4 at 
1 A g-1) 

1.2 97/5000 30 

ZnMn2O4-CNT hydrothermal method 103 (1 M Na2SO4 at 
0.1 A g-1) 

0.8 85/1000 31 

Manganese oxide 

nanoneedle/carbide-

derived carbon 

(MnO2/CDC)  

hydrothermal 255.8 (1 M Na2SO4 at 1 
A g-1) 

0.7 85.5/2000 32 

RGO/porous 

carbon/MnO2 

electrodeposition 

method 

135 (1M Na2SO4 

at1mA cm-2) 
1 85/5000 33 

Mn2O3/carbon Calcination 776(1 M Na2SO4 at 0.8 100/3000 34 



SUPPLEMENTARY INFORMATION 

 
1 A g−1) 

NiCo2O4 embedded 

carbon fiber 

 chemical bath 

deposition  

1925 (2 M KOH at 1 A 
g−1) 

0.45 87/5000 35 

SiO2@C-NCS 

nanocomposite 

Solution based method 625 (6 M KOH at 1 
mA cm−2) 

0.6 94/5000 36 

3D Co3O4–

Ag@CNFs 

hydrothermal 1880(3 M KOH at 2 A 
g-1) 

0.65 NR 37 

 Co3O4/C Solvothermal route 1345(6 M KOH at 1 A 
g-1) 

0.8 93/10000 38 

SnOx-ZnO/MCNFs 

composites 

electrospinning 783(4 M KOHat 0.5 A 
g-1) 

0.5 87/5000 39 

Co3O4/TiO2/AC Sol-gel method 946(6 M KOH at 5 mV 
s-1) 

0.5 88/2000 40 

Carbon flakes with 

NiCo2S4 

hydrothermal 1395(1 M KOH at 1 A 
g-1) 

0.6 80/10000 41 

CuOx@C hydrothermal 147(3 M KOH at 1 A 
g-1) 

0.7 93/10000 42 

CuCo2S4/carbon 

nanotubes 

Hydrothermal method 558(2 M KOH at 1 
A g−1) 

0.45 NR 43 

MnO2@C Two-step process 665(6 M KOH at 1 
A g−1) 

1 NR 44 

Porous carbon-

supported Co3O4 

hydrothermal 516(6 M KOH at 
1 A g−1) 

0.5 94/5000 45 

NiCo 

hydroxide/CNT  

multi-step process 1896(6 M KOH at 
2 A g−1) 

0.6 NR 46 

MC @AC Wet- impregnation 510(1 M Na2SO4 at 
1 A g-1) 

1.2 97/5000 This 

work 

 

 

Supplementary Table S3. Values of binding energies fitted peaks for MC @AC in Figure 3. 

  BE (eV) 

Mn 2p3/2  Mn2+ 641.3 

Mn3+ 645.3 

Mn 2p1/2 Mn2+ 652.6 

Mn3+ 656.6 

Co 2p3/2 Co 2+ 779.9 

Co 3+ 785.1 

Co 2p1/2 Co 2+ 795.3 

Co 3+ 796.2 

C 1s C−C/C=C 284.4 

C−O/C−N 285.7 

CO 286.7 

C=O 287.9 

O 1s O2- 530.0 

OH- 531.4 

H2O 533.1 
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Supplementary Table S4. Statistics of CS of the composite and its components as a function 

of current density 

 

Supplementary Table S5. Results of electrical conductivity measurements of AC, MC, and 

MC@AC 

Electrical conductivity, 
t

RA
 = , where t is the thickness of the pellets, R is the bulk 

resistance and A is the area of the pellets.  

 

 t (cm) Diameter (cm) R ()  (S cm-1) 10-4 

AC 0.154 1.3 130 8.92 

MC 0.102 1.3 5000 0.15 

MC@AC 0.142 1.3 240 4.45 

 

Supplementary Table S6. Specific surface area, mass-loading, and specific capacitances 

(gravimetric and areal) of the electrodes 

Electrode BET 

(m2/g) 

Mass 

loading(g) 

Total 

surface 

area (m2) 

Total 

capacitance 

(F) 

Given 

current 

(A) 

Areal capacitance 

(F/m2) 

AC 507 0.0032 1.6224 0.48 0.0032 0.2958 

MC 16 0.0026 0.0416 0.546 0.0026 13.125 

Current 

density 

(A g-1) 

CS (F∙g-1) 

AC MC MC @AC 

Mean Standard 

mean 

deviation 

Mean Standard mean 

deviation 

Mean Standard mean 

deviation 

1 144.60 3.97 207.60 2.30 506.00 2.92 

2 139.20 4.02 197.00 2.83 503.00 3.08 

5 125.60 3.65 186.62 3.16 485.20 3.35 

10 113.40 3.91 156.20 4.44 438.00 2.92 

15 89.60 4.16 141.80 5.63 394.00 3.94 

20 74.20 4.60 117.80 6.06 376.40 4.04 
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MC@AC 558 0.0033 1.8414 1.683 0.0033 0.9139 

 

Supplementary Table S7. Fitted charge kinetic parameters 

 

 RS () RCT () Cdl (mF) Cp (mF) Zw () 

AC 1.5 1.5 1.45 _____ 1.6 

MC 2.2 2.6 1.02 1.36 7.3 

MC @AC 1.5 1.6 1.38 1.97 1.9 

 

 

Supplementary Table S8. Variation of specific energy with specific power of AC//AC and 

MC @AC// MC @AC  

 

Current density 

(A g-1) 

AC//AC MC @AC// MC @AC 

Specific power 

(W kg-1) 

Specific energy 

(Wh kg-1) 

Specific power 

(W kg-1) 

Specific energy 

(Wh kg-1) 

1 250 8.5 583 30.5 

2 500 7.5 1100 29.0 

5 1250 7.0 2085 27.8 

10 2500 6.7 3710 26.8 

15 3750 6.0 4600 25.6 

20 4999 5.6 4800 25.0 
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Supplementary Figure S1: Thermogravimetric analysis of MC@AC. The black curve is 

thermogravimetric data and the blue curve is its derivative. A weight of 9.3% is determined 

for MC. 

 

Supplementary Figure S2: FESEM images of (top panel) MC and corresponding EDX 

results and (bottom panel) MC@AC and corresponding EDX results. 
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Supplementary Figure S3: FESEM images of MC @AC (a) at 3kx; (b) at 3kx; (c) at 5kx; 

(d) at 10kx and (e) and (f)TEM images of MC @AC. 
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Supplementary Figure S4: Nitrogen adsorption/desorption isotherm for (a)as-synthesized 

carbon and AC and (b) MC and MC @AC 

 

 

 

Supplementary Figure S5: Cyclic voltammograms at different scan rates for (a) AC; (b) 

MC and (c) MC @AC 
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Supplementary Figure S6: EIS spectra of the AC, MC, and MC@AC electrodes, 

respectively from which ac conductivity was measured. Details of the calculation is in Table 

S5.  

 

 

 

Supplementary Data S1 

1. MnCo2O4 flower (MC) 

 

 

 

 
 

Structure 1  
   Phase name                                Structure 

   R-Bragg                                   1.534 

   Spacegroup                                Fd-3m 

   Scale                                     1.62222441e-005 

   Cell Mass                                 1891.643 

   Cell Volume (Å^3)                         537.07072 

   Wt% - Rietveld                            100.000 

   Crystallite Size  

      Cry Size Lorentzian (nm)               67.4 

      Cry Size Gaussian (nm)                 100.0 

   Strain  
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      Strain L                               0.5466161 

      Strain G                               0.0001 

      4 e0                                   0.13661 

   Crystal Linear Absorption Coeff. (1/cm)   1312.910 

   Crystal Density (g/cm^3)                  5.849 

   Lattice parameters 

      a (Å)                                  8.1285015 

 

Site  Np    x           y           z         Atom Occ       Beq  

8a    16  0.12500     0.12500     0.12500     Mn   0.512     0.3497 

8a    16  0.12500     0.12500     0.12500     Co   0.4927    -0.05567 

16d   8   0.50000     0.50000     0.50000     Co   0.9119    2.407 

16d   8   0.50000     0.50000     0.50000     Mn   0.08      1 

32e   32  0.36102     0.36102     0.36102     O    1         2.106 

 

 

 

 

 

 

2. MC @AC  
 

========================================== 

 

 Structure 1  
   Phase name                                Structure 

   R-Bragg                                   1.449 

   Spacegroup                                Fd-3m 

   Scale                                     1.60365667e-005 

   Cell Mass                                 1891.643 

   Cell Volume (Å^3)                         536.98238 

   Wt% - Rietveld                            100.000 

   Crystallite Size  

      Cry Size Lorentzian (nm)               69.4 

      Cry Size Gaussian (nm)                 100.0 

   Strain  

      Strain L                               0.5466161 

      Strain G                               0.0001 

      4 e0                                   0.13661 
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   Crystal Linear Absorption Coeff. (1/cm)   1313.126 

   Crystal Density (g/cm^3)                  5.850 

   Lattice parameters 

      a (Å)                                  8.1280558 

 

Site  Np    x           y           z         Atom Occ       Beq  

8a    16  0.12500     0.12500     0.12500     Mn   0.512     0.3497 

8a    16  0.12500     0.12500     0.12500     Co   0.4927    -0.05567 

16d   8   0.50000     0.50000     0.50000     Co   0.9119    2.407 

16d   8   0.50000     0.50000     0.50000     Mn   0.08      1 

32e   32  0.36102     0.36102     0.36102     O    1         2.106 
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