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Optimization of the electrode/electrolyte double-layer interface is a key factor for improving electrode 

performance of aqueous electrolyte based supercapacitors (SCs). Here, we report the improved 

functionality of carbon materials via a non-invasive, high-throughput, and inexpensive UV generated 

ozone (UV-ozone) treatment. This process allows precise tuning of the graphene and carbon nanotube 

hybrid foam (GM) transitionally from ultrahydrophobic to hydrophilic within 60 sec. The continuous 10 

tuning of surface energy can be controlled by simply varying the UV-ozone exposure time, while the 

ozone-oxidized carbon nanostructure maintains its integrity. Symmetric SCs based on the UV-ozone 

treated GM foam demonstrated enhanced rate performance. This technique can be readily applied to other 

CVD-grown carbonaceous materials by taking advantage of its ease of processing, low cost, scalability, 

and controllability. 15 

 

Introduction 

Supercapacitors (SC) are a promising energy storage device 

because they can store and deliver charge at a very high rate 

(within seconds). With the increasing demand for high power 20 

density energy storage devices, SC research has exploded in the 

past few years. Since the storage mechanism for electrochemical 

capacitors primarily consists of surface storage, nanostructured 

synthetic carbon materials have attracted tremendous attention 

due to their unique combination of chemical and physical 25 

properties including high conductivity, large surface area, good 

corrosion resistance, controlled pore structure, processability, 

compatibility in composite materials, and relatively low cost.1-7 

Although pseudocapacitors employing transition metal oxides8-10 

and conducting polymers, etc.11, 12 have been increasingly 30 

studied, carbon materials based supercapcitors remain the most 

extensively studied and least expensive applicable choice for 

practical applications. Finding new electrode materials and 

optimization of available electrode materials are the primary 

consideration for improving the specific capacitance of SCs. 35 

Various nanostructured synthetic carbon materials such as carbon 

spheres/onions,2, 3 carbon nanofiber/nanotubes,13, 14 activated 

carbon,15 template derivered carbon,16 carbide derived carbon,17 

and more recently graphene based materials6, 18, 19 have been 

investigated comprehensively for SC applications. Pioneer 40 

investigations on effects of pore size and surface area suggest the 

performance of SCs can be improved by maxmizing the eletrolyte 

accessible surface area.20, 21 Furthemore, chemical vapor 

depostion (CVD) grown synthetic carbon nanostructures have 

been verified to be an effective, facile, binder-free technique for 45 

the prepration of SC electrodes with high electrochemical 

performances.13, 22-28 The seamless connection between active 

material and current collector facilitates charge transfer within the 

electrode which enhances the rate performance and stability 

dramatically.  50 

 In addition, we believe that optimization of the 

electrode/electrolyte double-layer interface is another key factor 

to improve the electrode performance of SCs. This may 

especially be significant for aqueous electrolyte based SCs, which 

are safer and easier to be fabricated. Better electrode-electrolyte 55 

interface is critical to extract full performance out of the electrode 

system. Surface functionalization techniques including high 

temperature H2O etching, plasma treatment, chemical 

functionalization and activation, etc have been verified to be 

effective in enhancing the electrode/electrolyte interface for 60 

carbon nanostructures.22, 25 However, all of these reported 

approaches require harsh conditions such as high temperature, 

low pressure, complicated processing, long processing time, 

damage to electrode materials, etc. 

 In this work, we report the improved functionality of carbon 65 

materials via a non-invasive high-throughput inexpensive UV 

generated ozone (UV-ozone) treatment. We take 3D graphene 

and CNT hybrid foam nanostructure (GM) as an example to 

systematically study the effects and mechanisms of improved 

functionality. Notably, we observed that the UV-ozone treatment 70 

allows precise tuning of the GM foam transitionally from 

hydrophobic to hydrophilic within 60 sec, which suggests a faster 

and superior approach when compared with previously reported 

treatment method using potassium hydroxide (KOH).26 Contact-

angle measurement, Raman, X-Ray photoelectron spectroscopy 75 

(XPS), infrared spectroscopy, and transmission electron 
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microscopy (TEM) were performed to characterize the structural 

change of the UV-ozone treated sample. Symmetric SCs have 

been fabricated based on the UV-ozone treated GM foam. The 

results suggest this UV-ozone treatment is a very promising dry 

process approach to tailor carbonaceous electrodes for improved 5 

supercapacitor rate performance, durability, and stability. 

 

Experimental Section 

Materials synthesis 

Graphene and CNTs foam and pillared graphene nanostructure 10 

are grown via a chemical vapor deposition (CVD) process on 

conductive substrates which are nickel foam and copper foil, 

respectively in this work.26, 29 The conductive substrates are pre-

annealed to release the residue stress and washed to remove 

contaminants. Next, 1-5 nm iron catalysts are deposited on 15 

conductive substrates by e-beam evaporation (Temescal, BJD-

1800). The treated Ni foam is heated to 750 °C, and hydrocarbon 

gas is introduced to trigger and continue the growth of graphene 

and CNTs synchronously on the nickel foam frame. The UV 

Ozone treatment is carried out in an instrument equipped with 20 

both its original 254 nm radiation lamp and an additional 185 nm 

radiation source. The average power of the UV is set to 30000 

µW cm-2. 

Materials characterization 

The morphology of material is investigated using scanning 25 

electron microscopy (SEM; leo-supra, 1550) and transmission 

electron microscopy (TEM; Philips, CM300) with a LaB6 cathode 

operated at 300 KV. The TEM samples were prepared by 

ultrasonicating a small piece of sample in ethanol to form a 

dispersed solution and then coating the dispersed solution onto 30 

carbon film coated TEM grid by simply dropping. A Renishaw 

DXR Raman spectroscopy system with a 532 nm laser (8mW 

excitation power, 100x objective lens) source is used to 

characterize the UV Ozone treated GM foam. Kruss Easy drop 

(FM 40) technique is employed to measure the contact angle of 35 

the grapheme films. The FTIR study is performed by using 

Bruker Equinox 55 FTIR with a MCT detector. X-ray 

photoelectron spectroscopy (XPS) characterization was carried 

out by using a Kratos AXIS ULTRADLD XPS system equipped 

with an Al K monochromatic X-ray source and a 165-mm 40 

electron energy hemispherical analyzer. The vacuum pressure 

was kept below 3 × 10-9 torr, and a charge neutralizer was used 

during the data acquisition. 

Fabrication and characterization of SCs 

A symmetrically packaged SC configuration is employed for the 45 

electrochemical measurements, where the two working electrodes 

are assembled into a sandwich structure with a porous membrane 

functions as a separator in-between. An aqueous electrolyte (2 M 

Li2SO4) is used in this work. Cyclic voltammetry (CV), 

chronopotentiometry (charge-discharge (CD)), and 50 

electrochemical impedance spectroscopy (EIS) were conducted to 

evaluate the performance of the SCs. Potentiostatic EIS 

measurements were performed between 0.1Hz and 1MHz with 

amplitude of 10 mV. Specific capacitance Cs values are 

calculated from the charge-discharge curves via equation 55 

Cs=∫IdV/(m∆VS), Where m is the mass of active electrode 

materials which is the loading of carbon nanostructures on nickel 

foam in this work, ∫IdV is the enclosed area of the CV curve, ∆V 

is the operational voltage window and S is the scan rate.  

Results and Discussion 60 

 

 
Fig. 1 (a) Contact angle measurements of the CVD grown GM foam over 

time upon exposure to ozone at room temperature. (b) SEM image of the 

GM foam. (c) Raman spectra of GM foam with a UV-ozone treatment 65 

time of 0 sec, 20 sec, 40 sec, and 60 sec, respectively. (d) ID/IG and (e) 

IG'/IG with exposure time. All Raman spectra are collected on nickel 

foam substrate. Laser excitation: 532 nm.  

 GM foam samples were treated with UV-ozone for 0 sec, 20 

sec, 40 sec, and 60 sec. Contact angle measurements of the UV-70 

ozone treated GM foam samples reveal that wettability of the GM 

samples are enhanced with increased treatment time (Fig. 1a). 

Through this dry method, the 3D GM foam change from 

completely hydrophobic to hydrophilic within 60 seconds, which 

is much faster when compared with previously studied wet 75 

chemical treatment methods.25, 26 The GM foam is grown via 

ambient pressure CVD process. The as-grown GM foam 

demonstrates a hierarchical nature with very good coverage of 

CNTs on the graphene covered nickel backbone (Fig. 1b). To 

understand the mechanism of the surface energy change, Raman 80 

spectroscopy was conducted to investigate the structural changes 

in GM foam as a function of UV-ozone exposure time (Fig. 1c). 

Raman spectra collected from pristine and UV-ozone treated GM 

samples are in good agreement with the multi-walled carbon 

nanotube (MWCNT) Raman spectra, which shows the presence 85 

of the D band centered around 1380 cm-1, and G band centered 

around 1570 cm-1.30 The G' band centered around 2700 cm-1 is a 

single peak, which is similar to that of graphene. The D band is 

associated with the defects of the CNTs. All spectra in Fig. 1c are 

normalized based on the G band. It is observed that the intensity 90 

of the D band increases with the prolonging of UV-ozone 
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exposure time. With the increase of UV-ozone exposure time, the 

D to G peak intensity ratio (ID/IG) increases from ~ 0.45 to ~0.95 

within 40 sec and tends to stabilize ~1.0 afterwards (Fig. 1d). Fig. 

1e shows the G' to G peak intensity ratio (IG'/IG) decreases from ~ 

0.52 to ~0.32 in 40 seconds. The increase in ID/IG and the 5 

decrease in IG'/IG suggest a structural change via doping which is 

generally activated by local basal distortion with the formation of 

defect-like sp3 bonds in carbon materials.31  Moreover, in Fig. 1c, 

a minor D' band at ~1620 cm-1 is observed after 20 sec UV-ozone 

treatment. The D' band tends to merge together with G band with 10 

longer treatment time.  

 

 
Fig. 2 (a) O 1s spectra and (b) C 1s of GM foam before and after (20, 40, 

60 sec) treatment. (c) Relative atomic ratio of O to C as function of 15 

UV/O3 treatment time. (d) Attenuated total reflection infrared (ATR-IR) 

spectra of GM foam before and after treatment. 

  

 X-ray photoelectron spectroscopy (XPS) was performed to 

further elucidate the effects of UV-ozone exposure on the GM 20 

foam (Fig. S1). XPS experiments were conducted directly on GM 

foams with a nickel backbone to eliminate contamination from 

etching and transfer processes. Upon exposure to UV-ozone 

treatment, the O 1s peak shifts slightly, to a binding energy value 

of ~ 532.9 eV, and it becomes sharper (Fig. 2a). Increasing the 25 

exposure time from 0 sec to 60 sec increases the intensity of the 

O 1s XPS peak. The intensity of the C 1s peak (~284.6 eV), on 

the other hand, drops with increasing UV/O3 exposure time.  

These observations suggest the formation of oxygen-containing 

functional groups on the surface of the GM foam. The calculated 30 

averaged relative atomic ratio of O to C as a function of UV/O3 

treatment time are reported in Fig. 2c; XPS data was collected 

randomly at 3 different positions on each exposure condition to 

estimate the error for each data point. It is interesting to note that 

even though the O/C ratio increases by more than a factor of two 35 

after a 60 sec UV-ozone exposure, that ratio is still relatively low 

at ~ 2%. We believe that the relatively low O/C ratio is due to the 

fact that the oxygen-contained functional groups are primarily 

generated on the surface of the graphene and CNTs. This may 

also be the reason why the XPS peaks associated with bonds such 40 

as C=O (at 287 eV) or HO–C=O (at 289 eV) are not detected. 

However, in this case, the low level of oxidation observed is 

actually beneficial, since our intent is to tailor the surface energy 

without sacrificing too much of the active material. The 

transmission electron microscopy (TEM) images of CNTs before 45 

and after UV-ozone treatment are shown in Fig. S2 to further 

confirmed the non-destructive nature of this improved 

functionality of carbon materials via UV-ozone process. IR 

spectra for the GM and UV-ozone treated GM foams were also 

acquired (Fig. 2d). It is clear that after UV/O3 treatment a new 50 

peak develops at 1182 cm-1, and the peak at 1740 cm-1 was 

enhanced, indicating the formation of carboxylic groups; the two 

peaks are attributed to the (C-O) and (C=O) stretching modes of 

carboxyl monomers, respectively, since carboxylic dimers display 

those modes at 1259 and 1713 cm-1 instead.32-34 The same trends 55 

were observed in the IR spectra of SWCT after ozone treatment.35  

It should be noted that the GM foam already have some carboxyl 

group (dimer) on defect sites. The finding from the IR data is in 

accordance with the Raman spectra shown in Fig. 1c. The other 

peaks are assigned as listed in Table S1.  60 

 

 
Fig. 3 (a) Normalized CV characteristics and (b) specific capacitances of 

UV-ozone treated GM foam under the scan rates of 5, 10, 20, 50, 100, 

200 mV s-1. (c) Comparison of CV characteristics of KOH treated GM 65 

foam and UV-ozone treated GM foam.26 (d) Galvanostatic charge-

discharge (CD) curves of GM SC at current densities of 0.59 mA cm-2 and 

3.53 mA cm-2, respectively. (e) Cycling stability test of UV-ozone treated 

GM foam at the current density of 56.5 mA cm-2. (f) Potentiostatic 

electrochemical impedance spectroscopy (EIS) plots of UV-ozone treated 70 

GM foam before and after cycling test. Inset shows the high frequency 

region of the EIS plots. 

 

 SCs based on the UV Ozone treated (exposure time: 60 sec) 

GM nanostructure foam electrodes were fabricated, which 75 

include two equal area working electrodes spaced apart by a 

porous separator. Cyclic voltammetry (CV) for UV-ozone treated 

GM foam SC was initially conducted at scanning rates between 5 
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mV sec-1 and 200 mV sec-1 with an operational voltage window 

of 1 V in 2 M Li2SO4 aqueous electrolyte to estimate the 

capacitance. The nearly rectangular shape and the absence of 

oxidation and reduction peaks are observed for all scan rates 

suggesting that SCs based on UV-ozone GM electrodes have 5 

small equivalent series resistance, high rate capability, and 

excellent electrochemical performance. Moreover, the nearly 

mirror-image shape of CV curves indicate exceptional 

reversibility and a very fast surface reaction.36 The nearly 

identical normalized CV characteristics for all scan rates <200 10 

mV sec-1 suggest excellent process stability, repeatability, and 

outstanding performance of the SC based on UV-ozone treated 

GM foam. As shown in the specific capacitance against scan rates 

plot (Fig. 3b), the specific capacitance ~ 230 F g-1 was achieved 

for scan rates < 200 mV sec-1. Specific capacitance retained is 80%  15 

for SC based on UV-ozone treated GM foam under a high scan 

rate of 1000 mV sec-1, which is superior to that of pristine GM 

foam and GM foam with KOH treatment.26 We believe there are 

two possible reasons leading to the excellent electrochemical 

performance of the UV-ozone treated GM SC system: (i) 20 

enhancement of electrode-electrolyte interface via UV-ozone 

treatment which increased the surface energy, and (ii) enhanced 

electrochemical stability of the innovative GM foam 

architecture.37 Fig. 3c shows the normalized CV characteristics of 

KOH treated GM foam and UV-ozone treated GM foam. The 25 

UV-ozone treated GM shows sharper corners and more 

rectangular shape suggesting that SCs based on UV-ozone treated 

GM electrodes have faster current-voltage response, smaller 

equivalent series resistance, higher rate capability, and superior 

electrochemical performance. Chronopotentiometry 30 

measurements were also conducted with an operating voltage 

window of 1.0 V to further evaluate the electrochemical 

performance of the UV-ozone treated GM foam SCs. Charge-

discharge (CD) characteristics demonstrate near linear and 

symmetric charge and discharge curves, suggesting an excellent 35 

capacitive performance with a rapid I-V response for our device 

(Fig. 3d). Cycling stability is another critical factor for the 

application of SC electrodes. A sequence of 8000 charge-

discharge cycles for our UV-ozone treated GM nanostructure 

foam (Voltage window 1.0 V) was conducted under a current 40 

density of 56.5 mA cm-2 (Fig. 3e). A superior capacitance 

retention of 99% was maintained over 8000 cycles for the SC 

based on UV-ozone treated GM nanostructure.  

 Potentiostatic electrochemical impedance spectroscopy (EIS) 

measurements were performed to further characterize the 45 

performance of SCs based on GM and UV-ozone treated GM 

electrode. Both Nyquist plots (before and after cycling) show a 

linear and near vertical characteristic in the low frequency region, 

suggesting that the UV-ozone treated GM SC behaves 

approximately like an ideal capacitor.38, 39 Some deviation from 50 

absolute ideality is evident in a large but finite slope of the plot in 

this region. This can be a result of frequency dispersion due to 

nonuniform distribution of the pore sizes in the porous matrix.40 

The near identical Nyquist plots and minor equivalent series 

resistance (ESR) change (from 1.13 to 1.25) for UV-ozone 55 

treated GM before and after cycling further verified the excellent 

electrochemical stability of our materials system (Fig. 3f). 

 Fig. 4a shows the equivalent circuit used to decipher the 

impedance plots obtained via EIS. This equivalent circuit is an 

electrical model whose elements represent individual 60 

electrochemical mechanisms inside the electric double layer 

capacitor (EDLC). To further study the effects of UV-ozone 

treatment on the electrochemical performance of GM based SCs, 

we compared the Nyquist plots for pristine GM,26 KOH treated 

GM26 and UV-ozone treated GM (Fig. 4b). The high frequency 65 

intercept is where the SC behaves like a pure resistor. This 

intercept, represented as RS in the equivalent circuit, gives 

numerical information about ESR including the ionic resistance 

of electrolyte and electronic resistance in external contacts in the 

SC.41 Lower values of RS are desirable in order to achieve 70 

improved power performance from a SC. UVO treated GM 

demonstrates the lowest Rs~1.13 ohm compared with KOH 

treated GM (~1.54 ohm) and pristine GM (23.1 ohm). The 

semicircle in the high frequency region is due to contact 

impedance between the active material and the current 75 

collector.17, 42 It may also signify contact resistance among active 

material particles, impedance between the active material and the 

current collector, etc.43 A noticeable decrease of this semicircle in 

the high frequency region of the impedance plot is observed after 

applying both the UV-ozone treatment and KOH treatment. UVO 80 

treated GM foam shows the smallest semicircle, which only takes 

~ 50% of the KOH treated GM SC (Fig. 4b inset). This provides 

evidence for improved contact among active material particles 

and with the current collector.  

 85 

 
Fig. 4 (a) The equivalent circuit model used for EIS fitting, where RS is 

the equivalent series resistance (ESR), RCT is the resistance at the 

electrode-electrolyte interface, RCONTACT is the contact and interface 

resistance among active material and current collector. CPEDL is the 90 

constant phase element (CPE) which represents non-ideal capacitance at 

the electrode-electrolyte interface, W0 is the Warburg element 

representing diffusion impedance, and CPECONTACT represents non-ideal 

capacitance at contact points among active material and current collector. 

Plots of (b) EIS spectra, (c) normalized real capacitances (C') versus 95 

frequency, and (d) imaginary capacitance versus frequency for pristine 

GM foam, KOH treated GM foam and UV-ozone treated GM foam, 

respectively. 

 

 The complex impedance plots provide evidence for an 100 

increased power capability in our SC after the ozone treatment. 

Normalized capacitance should stay fairly constant at 1 until 
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hitting characteristic frequency. A larger frequency region for 

which this stays true is desirable for SCs. In the Fig. below, an 

evident improvement in this stability is observed in the SC after 

Ozone treatment (Fig. 4c). The characteristic time constant can be 

derived from imaginary capacitance vs. frequency plot (Fig. 4d). 5 

It is a measure of how fast the device can be charged or 

discharged while maintaining good capacitive behavior.17, 44, 45 It 

is observed that the UVO treated GM SC achieved the smallest 

characteristic time constant ~0.79 sec (highest corresponding 

characteristic frequency) which is a 100% improvement when 10 

compared against KOH treated GM foam (~1.58 sec) and much 

superior to pristine GM and other reported nanocarbon systems.17, 

44 

Conclusions 

In summary, an improved functionality of carbon materials via a 15 

non-invasive high-throughput UV generated ozone (UV-ozone) 

treatment is achieved. We found that with the tuning of UV-

ozone exposure time, the surface wettability of carbon 

nanostructure can be tailored transitionally. UV-ozone treatment 

leads the complete transition of graphene and CNT hybrid foam 20 

nanostructure (GM) from hydrophobic to hydrophilic in 60 sec. 

This simple and scalable process is verified to be non-invasive 

with excellent controllability. Symmetric SCs (SCs) based on the 

UV-ozone treated GM foam demonstrate enhanced rate 

performance. The results suggest this UV-ozone treatment 25 

method is a very promising dry processing approach to tailor 

carbonaceous electrodes for improved SC rate performance, 

durability, and stability. This technique can be readily applied to 

other CVD-grown carbonaceous materials by taking advantage of 

its processing ease, cost, scalability, and controllability. 30 
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