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Characterisation of sp
2
-carbon film (functionalization) 

 

 

Figure S1 – Raman and FTIR comparative studies of single wall nanotube powder vs. film: (a) Raman 

spectra; (b) FTIR spectra. 

 

Discussion of Figure S1: Thin films made from SWNTs were studied in comparison to raw SWNT 

powder to prove that the material had not undertaken any chemical or physical changes 

(functionalization) after exposure to chlorosulfonic acid (CSA). Raman spectroscopy revealed that both 

powder and film are very similar (Figure S1-a). SWNT film and raw SWNTs were also examined using 

FTIR to further confirm that no chemical change was sustained (Figure S1-b). As expected, both film 

and raw powder revealed similar peaks in their FTIR spectra. 
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SEM images of SWNT and composite carbon films 

 

 

Figure S2 - SEM images of sp
2
-carbon films at 130 000 X magnification: (a) a single-walled carbon 

nanotube film; (b) a mixed film consisting of single walled-multi walled carbon nanotubes (10%wt-

90%wt); (c) a mixed film consisting of single walled carbon nanotubes and Ketjenblack™ carbon 

(20%wt-80%wt). 

 

Discussion of Figure S2: All three types of films feature nanopores that can interact with the surface of 

specially prepared current collector surfaces like the gold coated collectors used in this study (Figure 

S10b). From the SEM images (Figure S2), pores range from below 20 nm for the SWNT and 

SWNT/porous carbon films to about 100 nm for the SW/MWNT film.  
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Impedance complex plane – different carbon loadings 

 

 

Figure S3 - Nyquist plots for single walled - multi walled carbon nanotube films: (a) comparison of 

different thicknesses of S-MW/NT-films on polished stainless steel collectors (b) comparison of 

different thicknesses of S-MW/NT-films on gold-coated stainless steel collectors. 
 

 

Discussion of Figure S3: When carbon loadings were varied from 19.9 to 138 µg/cm
2
 using identical 

current collectors, the electronic impedance increased from 0.15 to 1.52 Ω for polished collectors 

(Figure S3a) whereas it did not change for gold coated collectors (Figure S3b).  
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Sweep rate response – cyclic voltammetry 

 

 

Figure S4 – Cyclic voltammetry studies of S-MW/NT films (0.5M K2SO4) on polished, roughened, gold 

coated stainless steel current collector showing current response vs. sweep rate: (a) 49 µg/cm
2
 films; (b) 

138 µg/cm
2
. 

 

Discussion of Figure S4: Figure S4a shows there is a nearly linear correlation between sweep rate and 

collector current for cycling a thin S-MW/NT film (49.4 µg/cm
2
). Note that even at relatively low areal 

currents, the cell using gold coated collectors display noticeably higher currents. Figure S4b presents 

the areal current response of a thick S-MW/NT film (138 µg/cm
2
). The overall trend remains the same 

but current and sweep rates do not maintain proportionality above 100 V/s. In particular, Figure 3b 

shows a maximum current limit for the polished collector/CNT interface at 160 mA/cm
2
. 
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Cyclic voltammetry studies of thin SWNT film vs. bare gold current collectors 

 

 

Figure S5. Cyclic voltammetry studies of a 19.9 µg/cm
2
-SWNT film on a gold coated stainless steel 

electrode (0.5M H2SO4) at different sweep rates: (a) 10 V/s; (b) 50 V/s - film on gold coated collector 

(plain line) - bare gold current collector (dotted line); (c) 200 V/s; (d) 500 V/s. 

 

 

Discussion of Figure S5: The CV curve retains the shape of a parallelepiped up to 500 V/s, confirming 

an excellent rate response. The capacitance contribution from the gold collector is below 6% of the total 

capacitance of the thinnest film used in the most reactive electrolyte (0.5M H2SO4) used in this study. 
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Cyclic voltammetry studies of multiple carbon thickness on different current collector finishes 

 

 

Figure S6 – Cyclic voltammetry tests of S-MW/NT films with 20, 79 and 138 µg/cm
2
 carbon loading in 

0.5M K2SO4 on: (a) polished stainless steel collector; (b) roughened stainless steel collector; (c) gold 

coated collector. 

 

Discussion of Figure S6:  Shown are the cyclic voltammetry data for films of three different thicknesses 

obtained at the same sweep rate of 200 V/s. The thinner film (20 µg/cm
2
) performs ideally when mated 

to any of the three current collectors and displays a quasi-rectangular CV profile. The CV of thicker 

films (138 µg/cm
2
) suffers deviation from this ideal rectangular shape, which is most pronounced when 

the film is paired with polished stainless steel. CV profiles for this film thickness are noticeably more 

rectangular on roughened and gold coated collectors.  
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Impedance complex plane – before and after 1 million cycles 

 

 

Figure S7 – Comparative EIS characterisation of two S-MW/NT films before and after one million 

cycles (0.5M K2SO4; gold coated stainless steel current collector): (a) 79 µg/cm
2
 film; (b) 138 µg/cm

2
 

film. 

 

Discussion of Figure S7:  The data shows superimposed impedance complex planes before and after 

one-million cycles were conducted on a 79 µg/cm
2
 (Figure S7a) and a 138 µg/cm

2
 (Figure S7b) film. 

The curves are barely differentiable for the thinner film and virtually identical for the thicker film. This 

result indicates excellent cycling stability of supercapacitors made with CSA filtered films in a non-

corrosive electrolyte.  Films were previously cycled 60000 times prior to the start of the million-cycle 

tests. 
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Sweep rate response of SWNT-porous carbon films 

 

Figure S8 – Cyclic voltammetry study of 148 and 288 µg/cm
2
 SWNT-porous carbon films showing 

current response vs. sweep rate. 

 

Discussion of Figure S8: The 148 µg/cm
2
 SWNT-porous carbon film maintains a linear relationship 

between scan rate and discharge current up until 50 V/s. The 288 µg/cm
2
 SWNT-porous carbon film 

only maintains this up to 20 V/s. Similar to the S/MWNT films, the loss of current response is most 

likely due to charge transfer limitations.  Both films still cycle at 100 V/s and beyond with reduced 

specific capacitance. 
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Surface relative surface area approximation 

 

 

Figure S9 – Graphic representation of surface profile roughness of stainless steel current collectors 

before and after filtration of 0.2 µm features: (a) polished surface before filtration of 0.2 µm features; (b) 

polished surface after filtration; (c) roughened and gold coated surface profile before filtration; (d) 

roughened and gold coated surface profile after filtration - for the roughened surface, h = 4.75 µm; for 

the gold coated surface, h = 6.50 µm. 

 

Discussion of Figure S9: At the microscale (200-µm surface length and several µm features), roughened 

and gold coated surfaces have much higher roughness than the polished surface overall, but that 

roughness is made of few relatively wide peaks and troughs. At the nanoscale, gold coated and 

roughened surfaces all retain similar local surface roughness as the polished surface: 0.2 µm. In order to 

compare the increase of surface area afforded by the microscale roughness, we filtered out roughness 

features smaller than 0.2 µm. 
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Figure S10 – Graphical model of roughened and gold coated surface after filtration 0.2 µm features – 

for roughened surface, h = 4.75 µm; for the gold coated surface, h = 6.50 µm. 

 

Modeled polished surface on a 200-µm long profile: 13 320 µm
2
 

Modeled roughened surface on a 200-µm long profile: 13 426 µm
2
 

Modeled gold coated surface on a 200-µm long profile: 13 517 µm
2
 

 

 

 

Discussion of Figure S10: After nanoscale roughness filtration, the polished surface is modeled as a 

perfectly flat surface and the roughened and gold coated surfaces can be modeled as a surface comprised 

of cones, by assuming that the one-dimensional profile recorded represents all directions as shown 

above. From the above calculation, the theoretical relative gain in surface area over polished surface is 

estimated as 1.008 times for a roughened surface and 1.015 for a gold coated surface. 
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Surface chemical and morphology analysis of current collectors 

 

 

Figure S11. (a) Comparative profilometry of polished, roughened and gold coated stainless steel current 

collector; (b) High magnification SEM image of gold coated collector showing nano-features on the 

surface roughened collector; XPS characterisation of chromium on: (c) polished stainless steel current 

collector (d) roughened stainless steel current collector. 
 

Discussion of Figure S11: Studies of surface morphology and chemical composition were performed 

using a surface profilometer, AFM, and XPS studies. At the microscale, surface roughness was 

characterized with a contact profilometer. Across a 200-µm horizontal travel distance, the polished 

surface shows a typical maximum height (Rz) of 150 nm. Roughened and gold coated surfaces have 
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greater and similar Rz values of 4750 and 6500 nm respectively (Figure S11a). At the nanoscale, across 

a 1 µm horizontal travel distance, the AFM study shows maximum heights of 9.4 and 11.0 nm for 

polished and roughened surfaces, and a typically greater height of 29.9 nm for the surface sputtered with 

gold. The different topography of the gold coated surface imaged through SEM shows features in the 

tenths of nanometers range that are present all across the surface (Figure S11b). 

XPS analysis of chromium binding energies in stainless steel showed an increase in oxidized 

chromium atoms on the surface of the roughened current collector compared to the polished collector. 

The ratio of chromium oxides to chromium (CrOx: Cr) for the polished collector was 6.65, versus 25.2 

for the roughened stainless steel surface. Chromium oxide on the polished surface was only present as 

Cr2O3, whereas both Cr2O3 and CrO3 were present on the roughened surface (Figure S11c & d). The 

relative area increase between polished and roughened surfaces was estimated to be a factor of 1.008 

(Figure S10). We conclude that roughened stainless steel current collectors have a greater thickness of 

non-conductive oxide on their surface than those that are polished. 

It follows that the decreased electronic impedance and the associated significant improvement in 

electronic charge transfer abilities obtained from roughened stainless steel vs polished surfaces may be 

explained solely by an increase of actual contact area in the form of an increased number of micro- and 

nano-scale contact points. The number of contact points between carbon and metal should increase with 

current collector roughness offering more pathways for electronic charges to flow. The gold coated 

collector provides further improved electronic transfer through a combination of a lack of metal oxide 

layer - confirmed by XPS - and a further increase of contact points afforded by the nano-features imaged 

with SEM on its surface (Figure S11b).  
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Experimental error quantification on impedance and specific capacitance 

 

 

 

 

Figure S12 – EIS measurements of six S-MW/NT symmetric cells, three cells are using polished 

stainless steel current collector and the remaining three use roughened stainless steel (0.5M K2SO4, 138 

µg/cm
2
 with 20 wt% SWNTs and 80 wt% MWNTs) 

 

Discussion of Figure S12:  Experimental reproducibility for measuring electronic impedance from 

polished and roughened collectors is shown above. Series resistances from EIS measurements carry 

experimental errors of ±0.07 and ±0.02 Ω for polished and roughened collectors respectively. Gold 

coated collectors have produced no measurable electronic contribution for all S-MW/NT film 

thicknesses tested (Figure S3b). 

 

Experimental errors on specific capacitance values were extrapolated through linear regression analysis 

from results from the five cells tested (presented in the main text) with each current collector type: 

- 10.7% for the polished stainless steel current collector 

- 8.5% for the roughened stainless steel current collector 

- 6.0% for the gold coated collector. 

 


