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Supplementary Figure 1. Qualifying the degree of structural disorder in porous 
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carbons. (a) XRD Spectra of ACS-PC, EL104, YP-80F and NAC in comparison to a 

graphite reference.[1] All carbons exhibited broad peaks at 24 °, which is indicative of 

limited long-range graphitic ordering; (b) Raman Spectra of ACS-PC, EL104, YP-80F 

and NAC. All four carbons, especially ACS-PC exhibited broad D-peaks (~1330 cm-

1) and broad G-peaks (1580 cm-1), indicating the presence of defect-rich sp2 carbon, 

which contributes to their structural disorder. 

  

Supplementary Table 1. Specifications of fabricated electrodes.  

  
Gurvich Pore volume of 

powder (cc/g) 

Electrode coating 

thickness (µm) 

Mass Loading 

(mg/cm2) 

ACS-

PC 
0.90 85 5.2 

EL104 0.79 76 4.7 

YP-80F 1.21 81 3.5 

NAC 0.98 85 4.3 
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Supplementary Figure 2. Further investigation of pore size distributions within 

nanoporous carbons via CO2 physisorption measurements and DFT analyses. (a) CO2 

physisorption isotherms of the four carbons. The steep uptake at low pressures 

revealed the presence of ultra-micropores (<1 nm); (b) Pore size distributions of 

micropores obtained via NLDFT for CO2 physisorption. ACS-PC had the most 

abundant population of ultramicropores, which is consistent with its steep CO2 uptake 

curve; (c) Pore size distribution curves obtained via Quenched Solids Density 

Functional Theory (QSDFT, adsorption kernel). Across the three commercial carbons, 

the population of pores between 2-4 nm in size was the most prominent difference. In 

contrast, NAC featured less micropores than the commercial carbons and a broader 

pore size distribution of mesopores ranging mostly below 10 nm in size; (d) Mesopore 

fraction and average pore size comparison of commercial carbons: ACS-PC, EL104 

and YP-80F. As these three carbons exhibited Type I(b) isotherm features,[2] their 

pore size distributions suggest that the variation of their pore structures is focused on 

the enlargement of a mesoporous channel that acts as a main junction before splitting 

into micropore regions; (e) Assisting schematic of Supplementary Figure 2d, to 

visualize the effects of using activation methods. A combination of physical and 

chemical activations may be used to develop a carbon’s porosity,[3] either through the 

expansion of existing pores (here noted as “junction broadening”), or via the 

propagation of existing pores to develop deeper microporous channels. 

 

Supplementary Table 2. A comparative summary of the porosities of the four 

carbons 

 

Average 

pore size 

(nm) 

Gurvich 

pore volume 

(cc/g) 

BET 

surface 

area (m2/g) 

Micropore 

surface area (< 

0.42 nm) (m2/g) 

Ion-accessible 

surface area 

(%) 

ACS-

PC 
1.76 0.90 2000 218 89 

YP-

80F 
2.27 1.21 2140 131 92 

EL10

4 
1.90 0.79 1680 99 95 
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NAC 3.00 0.98 1300 114 91 

Gurvich pore volume was calculated relative to the volume of adsorbate adsorbed at 

the maximum relative pressure of the scan (P/P0 ~ 1.0). For micropore metrics, the 

cumulative surface area up to 0.42 nm was used. This is because 0.42 nm corresponds 

to the characteristic bare ion size of the cation in this study (SBP+) and therefore 

serves as a lower boundary for the smallest pore that can accommodate ion sorption. 

Even after accounting for the size constraint, a significant fraction of the surface area 

remains accessible for ion sorption. This motivates further investigation of their 

electrochemical performance as porous carbon electrodes. 

 

Quantifying structure dependent pore occlusion from electrode fabrication 

process 

Electrodes were fabricated by mixing carbon powder, CMC dispersant and PP 

(polypropylene) binder in a weight ratio of 90:4:6 and mixed in DI water to form an 

aqueous slurry. The resulting slurry was then made into an electrode, dried and sent 

for physisorption analyses. Upon noting down the BET surface area of the electrode, 

this value was then normalized against the carbon weight fraction (90%) to reflect the 

BET surface area of the sole porous component of the electrode. This was then 

subtracted by the initial BET surface area of the porous carbon prior to electrode 

fabrication, to elucidate a ‘lost BET surface area’ that may be attributed to the 

occlusion caused by binder intrusion within the pore structure (Equation S1).[4] Using 

a similar framework, a ‘loss of pore volume’ was also obtained (Equation S2). 

 

𝐿𝑜𝑠𝑠𝐵𝐸𝑇 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎𝐵𝐸𝑇 −
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎𝐵𝐸𝑇

90%
       (Equation S1) 

 

𝐿𝑜𝑠𝑠𝑃𝑜𝑟𝑒 𝑣𝑜𝑙. =  𝑃𝑜𝑟𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 −
𝑃𝑜𝑟𝑒 𝑉𝑜𝑙𝑢𝑚𝑒

90%
       (Equation S2) 
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Supplementary Figure 3. Physisorption isotherm comparisons reveal pore 

blocking in micropore dominant carbons. ACS-PC, the most micropore-dominant 

carbon, exhibited the largest decrease in adsorbed N2
 at low P/P0, suggesting that the 

population of detectable micropores decreased significantly after the slurry fabrication 

process. Intriguingly, the isotherm of ACS-PC’s electrode showed a growth in low 

pressure hysteresis, whereby the volume differential between the adsorption and 

desorption slope increased from 3 cc/g to 12 cc/g after the slurry process. 

Developments in low-pressure hysteresis can be attributed to further inhibited kinetics 

within extremely narrow pore channels.[2] (a)-(d) Isotherm comparisons of powder 

and electrode equivalent of ACS-PC, EL104, YP-80F and NAC respectively.  

 

Supplementary Table 3. Quantitative ranking of interconnectivity based on a 

carbon’s susceptibility to surface area loss  

 Surface area loss after 

binder incorporation (m2/g) 

Interconnectivity ranking 

(1-highest) 

ACS-PC 630 4 

EL104 470 3 

YP-80F 220 2 
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NAC 130 1 

During the electrode fabrication process, the incorporation of binders with the carbon 

slurry can cause pore-blocking,[4] To quantitatively rank the interconnectivity of these 

pore structures, we considered that poorly interconnected structures would lack the 

alternative pathways that can maintain access to sorption sites. This leaves poorly 

interconnected structures vulnerable to pore occlusion if blocking species intrude into 

its structure, causing significant losses of accessible surface area. Therefore, as an 

operational proxy, the interconnectivity of the carbons can be ranked based on the 

surface area loss of the carbon upon incorporating the same amount of binder. 

 

Electrochemical evaluation of carbon electrodes 

Supplementary Tables 4-7 present the capacitance retention trends of representative 

cells for each carbon. Although the tables clarify the capacitance at specific points in 

time, the degradation trajectory observed in Figure 2b is the focus. 

 

Supplementary Table 4. Capacitance retention trends of ACS-PC 

Float time 

(hours) 

Capacitance (F/g) 

Cell-1 

Capacitance (F/g) 

Cell-2 

Capacitance (F/g) 

Cell-3 

0 119.65 119.65 115.25 

10 83.36 90.46 84.92 

  

Supplementary Table 5. Capacitance retention trends of EL104 

Float time 

(hours) 

Capacitance (F/g) 

Cell-1 

Capacitance (F/g) 

Cell-2 

Capacitance (F/g) 

Cell-3 

0 86.95 85.44 87.86 

10 81.07 77.43 82.60 

20 77.86 73.65 78.67 

30 75.31 70.65 73.88 

40 69.72 64.83 69.00 

  

Supplementary Table 6. Capacitance retention trends of YP-80F 
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Float time 

(hours) 

Capacitance (F/g) 

Cell-1 

Capacitance (F/g) 

Cell-2 

Capacitance (F/g) 

Cell-3 

0 108.12 109.05 108.75 

10 99.51 101.75 101.04 

20 97.40 100.08 98.74 

30 95.53 98.38 97.18 

40 93.52 96.98 95.14 

50 91.63 95.68 93.48 

60 89.34 91.88 90.44 

70 85.22 89.28 87.94 

 

Supplementary Table 7. Capacitance retention trends of NAC 

Float time (hours) Capacitance (F/g) 

Cell-1 

Capacitance (F/g) 

Cell-2 

Capacitance (F/g) 

Cell-3 

0 105.84 105.20 103.72 

10 103.21 101.81 102.64 

20 100.58 101.08 101.56 

30 99.18 99.59 99.95 

40 97.78 100.62 98.34 

50 96.97 100.08 96.96 

60 96.15 100.51 95.58 

70 95.06 99.90 94.80 

80 93.97 99.78 94.03 

90 92.62 99.24 93.30 

100 91.26 98.35 92.58 

110 90.50 96.46 91.48 

120 89.73 94.22 90.39 

130 85.13 90.57 87.85 

140 80.53 84.67 85.31 

 

Supplementary Table 8. Preliminary electrochemical evaluation of porous 

carbons within their first 10 hours of testing 
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  BET Surface 

Area of 

electrode 

(m2/g) 

Capacitance @ 

1A/g under 3V 

(F/g) 

Capacitance 

after 10 hours of 

testing  

(F/g) 

Surface Area 

Utilization 

(mF/m2
BET) 

ACS-PC 1230 118 86 (73%) 96 

EL104 1090 86 80 (93%) 79 

YP-80F 1730 107 101 (95%) 62 

NAC 1050 105 103 (97%) 100 

Despite exhibiting the lowest surface area by a considerable margin, NAC exhibited 

comparable capacitance with YP-80F, which had a significantly higher surface area. 

To best visualize this discrepancy, the gravimetric capacitance of each carbon was 

divided by their characteristic BET surface area, to denote the degree of surface area 

utilization. This metric serves to quantitatively compare how effectively a porous 

scaffold can accommodate ion sorption for energy storage. This was motivated by 

how high surface area materials may contain ultramicropores that are too small for 

ions to access,[5] leading to inaccessible regions and underutilized surface area. 

 

Nyquist Plot Analysis via Equivalent Circuit Fitting 

To elucidate the ion transport characteristics among the different carbon samples, 

electrochemical impedance spectroscopy (EIS) was conducted to obtain Nyquist plots. 

At high frequencies, ions cannot respond to the rapidly alternating field. Hence the 

impedance response at this stage corresponds to frequency-independent series 

resistances (denoted Rindependent). As the frequency decreases from 100 kHz to 1 kHz 

during the impedance measurement, ion motion is gradually enabled, and the 

associated resistance becomes observable in the impedance response as a depressed 

semicircle region. This feature can then be modelled by a parallel circuit consisting of 

a resistor (denoted Raccess) and a constant phase element (CPE), where the latter 

captures the non-ideal response of the distributed pore interface.[6] Raccess can be 

determined by measuring the real-axis span made by the semicircle feature, and can 

be used to quantify the resistance ions experience in infiltrating the porous carbon 

network. 
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Supplementary Figure 4. Equivalent circuit model for fitting the high frequency 

semicircle. At this frequency range (100 kHz – 1 kHz), the semicircle region can be 

ascribed to the resistance encountered by ions accessing the pore network. This 

semicircle region is modelled by a resistor and Constant Phase Element (CPE) in 

parallel and will be denoted Raccess. 

 

Supplementary Table 9. Preliminary Impedance characterization of porous 

carbons before accelerated stress tests 

 ESR @ 

1kHz 

(Ohm) 

Raccess 

(Ohm) 

χ2/|Z|2 

(a.u.) 

Micropore Volume 

Fraction 

(a.u.) 

ACS-PC 1.33 0.435 0.001 0.76 

EL104 0.96 0.370 0.002 0.66 

YP-80F 0.98 0.241 0.001 0.40 

NAC 0.80 0.169 0.001 0.29 

Raccess is obtained through the length that the high-frequency semicircle covers along 

the x-axis. We observed that Raccess decreased with decreasing micropore fraction. 

Given that the electrolyte was standardized across the samples as 1.5 M SBPBF4 in 

propylene carbonate, Raccess is associated with the aspect of ion-transport resistance 

that is network-architecture dependent. The quality of the fitting is represented in the 

column titled ‘χ2/|Z|2’. All values are low, indicating good fitting. 

 

Post-mortem Raman Spectra comparison 
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Supplementary Figure 5. Raman spectra comparison of pristine electrodes against 

their aged counterparts. Across all carbons, aged electrodes were extracted upon 

reaching End-of-Life. In all four carbons, the spectra of the electrodes exhibited no 

drastic changes upon aging. This suggests that the short-range sp2 carbon framework 

did not undergo significant transformations upon electrochemical stress. 

 

Post-mortem SEM analysis 

Once coin cells had incurred a 20% capacitance loss from the electrochemical stress 

tests, electrode pairs were extracted, rinsed and washed in propylene carbonate before 

being vacuum-dried overnight at 70 °C. SEM images were extracted to assess 

morphology changes, because the degradation of propylene carbonate is reported to 

form passivation layers on electrode surfaces.[7] However, in this study, no 

pronounced morphological differences were observed across all carbons upon 

reaching End-of-Life (Supplementary Figures 6-9). For Figures S6-S9, scale bars in 

all images were set to represent 10 µm. 
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Supplementary Figure 6. ACS-PC electrodes a) Pristine state, before tests. b) Aged 

positive electrode. c) Aged negative electrode. 

  

 

Supplementary Figure 7. EL104 electrodes a) Pristine state, before tests. b) Aged 

positive electrode. c) Aged negative electrode. 

 

 

Supplementary Figure 8. YP-80F electrodes a) Pristine state, before tests. b) Aged 

positive electrode. c) Aged negative electrode. 

  

 

Supplementary Figure 9. NAC electrodes a) Pristine state, before tests. b) Aged 

positive electrode. c) Aged negative electrode. 
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Surface Area analysis comparison of aged NAC and YP-80F electrodes 

 

Supplementary Figure 10. Further investigation of aged electrode pore structures of 

YP-80F and NAC, taken at a 70-hour mark. Post-mortem physisorption analysis of 

YP-80F a) N2 adsorption-desorption isotherm comparison of pristine electrode and 

aged electrodes. b) Pore size distribution comparison obtained via QSDFT. Post-

mortem physisorption analysis was also performed on NAC electrodes. c) Isotherm 

comparison of aged NAC electrodes against pristine counterparts. d) Pore size 

distribution comparison obtained via QSDFT. Although YP-80F and NAC exhibited 

similar mesoporosity, their capacitance retention trends diverged more prominently 

nearing the 70-hour mark. These observations are counter-intuitive to YP-80F’s 

significantly higher surface area and therefore necessitated a pore structure 

comparison at the same time state of 70 hours. Evidently, YP-80F’s isotherms showed 

a significant reduction of total nitrogen uptake, suggesting reduced pore accessibility 

after cycling. QSDFT measurements further suggest that there was a notable reduction 

of micropores and mesopores in YP-80F, evident in the prominent peak decrease upon 

aging. In contrast, NAC’s overall nitrogen uptake has a much lower reduction upon 
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cycling for the same duration. Moreover, changes in NAC’s pore size distribution 

were significantly mitigated. 

 

Demonstrating cycling stability in an alternate sulfone-based electrolyte system 

Supplementary Figure 11. Capacitance retention curves obtained for coin cells made 

with the Sulfone electrolyte. The specific sulfone-based electrolyte used was KKE-

20MSX (Japan Carlit Co. Ltd, Japan), comprising of 59 wt.% Sulfolane, 7 wt.% 

Diethyl Sulfone, 34 wt.% SBPBF4. Enhanced capacitance retention was observed for 

YP-80F and NAC upon switching to the sulfone-based electrolyte. Still, NAC 

exhibited significantly mitigated capacitance loss than YP-80F, which is consistent 

with the trends observed for the propylene carbonate system. In contrast, ACS-PC 

failed to show enhanced capacitance retention even after switching to the sulfone-

based electrolyte. 
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