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Abstract 

This work reported a novel two-step process to fabricate high-performance supercapacitor films 

that contain microscale domains of nano-interspaced, re-stacked graphene sheets oriented 

perpendicular to the surface of current collector substrate, i.e., carbon fiber paper. In the two-step 

process, we first used ligand molecules to modify the surface of graphene oxide (GO) sheets and 

manipulate the interspacing between the re-stacked GO sheets. The ligand-modified GOs, i.e., 

m-GOs, were then reduced to obtain more conductive graphene (m-rGO), where X-ray 

diffraction measurement results indicated well-controlled interlayer spacing between the 

restacked m-rGO sheets up to 1 nm. The typical lateral dimension of the restacked m-rGO sheets 

were ~40 µm. Then, electrical field was introduced during m-rGO slurry deposition process to 

induce the vertical orientation of the m-rGO sheets/stacks in the film deposit. The direct current 

electrical field induced the orientation of the domains of m-rGO stacks along the direction 

perpendicular to the surface of deposit film, i.e., direction of electric field. Also, the applied 

electric field increased the interlayer spacing further, which should enhance the diffusion and 

accessibility of electrolyte ions. As compared with the traditionally deposited “control” films, the 

field-processed film deposits that contain oriented structure of graphene sheets/stacks have 

shown up to ~1.6 times higher values in capacitance (430 F/g at 0.5 A/g) and ~67 % reduction in 

equivalent series resistance. The approach of using electric field to tailor the microscopic 

architecture of graphene-based deposit films is effective to fabricate film electrodes for high 

performance supercapacitors. 

KEYWORDS: Graphene film deposits, Supercapacitor, Vertically oriented graphene, 
Functionalized graphene, Graphene interspacing 
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Introduction  

Graphene-based energy-storage devices such as supercapacitors have attracted rapidly growing 

attention due to graphene’s superior properties (e.g. electrical conductivity, high theoretical 

surface area and chemical resistance) resulting in high energy density, high rates of 

charge/discharge, and long cyclic lives. 1  Currently, various engineered graphene electrode 

platforms have been developed to effectively utilize these intrinsic graphene properties. It can be 

categorized mainly into two approaches: surface functionalization and structure modification. 

For surface functionalization, graphene oxide (GO) is mostly used as a precursor for high quality 

graphene. GO resulting from liquid-phase exfoliation of graphite is suitable for low-cost and 

mass production of graphene-based particulate materials that contains single or few layer sheets 

in each particle.2 However, GO sheets tend to either form irreversible agglomeration or restack 

during solution reduction process, resulting in significant loss of the surface area. Therefore, 

various additional ligand molecules, such as surfactant, 3  redox-active functional group 

molecules,4,5,6 conductive polymer,7,8 and transition metallic nanoparticle,9 have been introduced 

to prevent the restacking of graphene sheets and increase interlayer spacing (i.e. porous gap) 

between restacked graphene sheets. Such interspace tailoring for various electrolytes is a strategy 

to improve the charge storage capability and the wettability of the graphene electrode surface. 

However, most structures of these graphene electrode materials including reduced GOs (rGOs) 

are limited to the horizontally aligned film because of intrinsic orientation of two-dimensional 

graphene sheets. The close restacking of lamellar sheet structure that exists in a dried film retards 

diffusion of electrolyte ions due to long transport path, resulting in a relatively slow kinetic 

response.10  
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For structure modification, three dimensionally architectured graphene films, e.g., 

porous/holey11,12,13 and vertically aligned sheets,10,14,15,16,17,18 have been reported to exhibit high 

performance supercapacitor electrodes because their enhanced kinetics of electrons and 

electrolyte ions in their unique structures. Especially vertically-aligned graphene sheets exhibit 

high kinetic performance due to (1) open edge structure to enhance electron transfer between an 

active carbon material and a current-collector, (2) a suitable pore size and distribution to 

facilitate mobility of electrolyte ions, and (3) short paths and ease of electrolyte ions to the 

graphene layers. Despite these advantages, the fabrication methods for “vertical graphene (VG)” 

structures such as plasma-enhanced chemical vapor deposition14,15,16,17,18 and cutting of graphene 

oxide sheet roll10 have difficulty in reducing fabrication cost and scale-up for large sized or large 

amount of films. Furthermore, a low gravimetric capacitance (less than rGO films and powders) 

because of porosity in free-standing films10 or densely stacking may limit highly efficient 

supercapacitors. 

In this present work, we report a facile method for depositing VG structured films onto a 

carbon fiber paper (CFP, as current collector for supercapacitor) by drop-casting and evaporating 

liquid slurry of molecular ligand composited rGO (m-rGO) under an electrical field (E-field). 

The graphene surface was first engineered by modifying molecular ligands on GOs and 

chemically reduced. Four different functional ligand molecules (e.g. 2,5-diamino-1,4-dihydroxyl 

benzene dihydrochloride (DDDC), octadecyltrichlorosilane (ODTS), p-phenylenediamine (PPD), 

polyaniline (PANI)) were studied. The molecular ligands serve as “spacer” to preserve interspace 

in restacked m-rGO sheets after the film deposits are dried up. The ligand-controlled interspacing 

increases graphene surface accessibility of electrolytes. The slurry materials of m-rGO dispersed 

in suitable solvents were drop-casted evaporatively on various substrates (like CFP) under E-
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field (Figure 1). The E-field induced vertical orientation of graphene sheets/stacks during the 

film deposition/drying. In principle, when a thin 2D graphene sheet is brought into an E-field, 

electric polarization effects could induce a moment of force which tends to align the graphene 

sheet along the field direction.19 As described in Figure 1, the appropriate E-field can result in 

the formation of a stable vertically-oriented three-dimensional conducting network that avoids 

intrinsically tight restacking of graphene sheets due to functionalized ligands. Furthermore, we 

observed E-field-tailored interlayer spacing (i.e. widen interspacing relative to baseline m-rGO 

films without E-field orientation). These structural and morphological tailoring (at both 

nanoscopic and microscopic scales) have led to higher specific capacitance, faster kinetics and 

better contact of active material/current collector, compared with a baseline film deposit (i.e., 

horizontally re-stacked graphene film electrode under no E-field). 

Experimental 

All the chemical reagents in this work were commercially available and used as received. GO 

was synthesized from natural graphite powders (230U from Asbury Carbons, PA) by a modified 

Hummers method.20 The 230U is micron sized (~40-50 µm) powder. Carbon fiber paper (CFP, 

Spectracarb 2050A - 1050) was purchased from FuelCellsEtc (College Station, TX). 

 

GO reduction to rGO 

 GO and rGO are baseline materials. 100 mg GO was dispersed in 100 ml H2O and sonicated for 

1 hr, then 1 ml hydrazine (as reducing chemical) was added to the solution and stirred at 80 °C 

for 24 hrs. The resulting solution was filtrated and washed with H2O repeatedly. The powder was 

then dried at 55 °C for overnight. 

Synthesis of ligand-grafted graphene: m-rGOs (DDDC-rGO & ODTS-rGO) 
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 GO slurry contains 120 mg of GO solid sheets in 40 mL of 200-proof ethanol and was sonicated 

for 2 hrs to homogenize. 52 µl HCl was added into the slurry and mixed with 150 mg 2,5-

diamino-1,4-dihydroxylbenzene dihydrochloride (DDDC) or 200 mg octadecyltrichlorosilane 

(ODTS) in a reaction vessel sealed with a cap. The reaction mixture was allowed to react at 120 

°C in an oven overnight for 16 hrs. The reacted slurry was cooled down to room temperature. For 

chemical reduction of the ligand-grafted GO, 0.436 ml NH3 and 35.9 µl hydrazine was dropped 

into the reaction vessel and the mixture was held at 95 °C for 3 hrs. After cooling at room 

temperature, the slurry was transferred and centrifuged for 10 min at 12,000 rpm. Supernatant 

was decanted. The ethanol (~50 mL) washing and centrifugation was repeated 3 times to wash 

out the residual un-reacted DDDC (purple color) or ODTS. 

Synthesis of m-rGOs (PPD-rGO & PANI-rGO) 

 PPD-rGO21 and PANI-GO composite22 were synthesized by previously reported procedures. For 

the synthesis of PANI-rGO, reduction was followed by the method of rGO procedure.  

Electric field assisted deposition of particulate films of m-rGO materials 

 A m-rGO was re-dispersed in ethanol or hexane (only for ODTS-rGO) with sonication for 1 hr 

to form a homogeneous suspension slurry (~3 g/L). The graphene slurry was drop-casted onto 

the top surface of a horizontally placed CFP (12 mm of diameter) at the bottom of a “sealed” or 

“unsealed” glass cell (10 mm of diameter of cylindrical tube), which sits in a vertically oriented 

E-field at 10 kV (Figure 1 & Figure S1, for the deposition cell configuration). The high voltage 

was supplied by a high voltage DC power supply (Series ER/DM, Glassman High Voltage, Inc.). 

The two horizontal parallel electrode plates for generating E-field were ~6 cm diameter of Al 

foils. The air gap between electrode plates was ~2.5 cm. The slurry of ODTS-rGO or DDDC-

rGO was evaporatively deposited onto the CFP top surface in the “sealed” glass cell. (Figure S1) 
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Once the sealed cell was assembled with a CFP, the drop-casted thin film was formed on the 

selective area by upward solvent drying under E-field. Other m-rGO material slurries were 

deposited in the “unsealed” glass cell to reduce deposition rate. (Figure S1). At the beginning of 

deposition, the porous CFP was drained out some graphene slurry. A continuous graphene film 

formed on the surface of the CFP via continuous deposition. Once a continuous thin film formed 

on the porous CFP, the permeate rate of graphene solution was slow down and the film was 

mainly formed by solvent drying upward under E-field at 10 kV. The drop-casting deposition 

was repeated to achieve a desirable mass (2~6 mg). A baseline graphene film was deposited as 

the same way without E-field.  

Materials Characterization 

 Scanning electron microscopy (SEM) measurement was carried out on a field emission scanning 

electron microanalyzer (Merlin, Carl Zeiss AG). Fourier transform infrared (FTIR) spectroscopy 

measurements were carried out on the dry powders using a PIKE diamond crystal ATR on a 

FTIR spectrometer equipped with a DTGS detector, in the range of 600–4000 cm-1. X-ray 

diffraction (XRD) measurements were conducted using a PANalytical X’Pert Pro MPD equipped 

with an X’Celerator solid-state detector. For the XRD measurements, X-rays were generated at 

45 kV/40 mA, and X-ray beam wavelength was l=1.5406 Å (Cu Kα radiation). 

 The interspacing distance (d) of stacked graphene sheets was determined using Bragg equation, 

l=2dsinq with l and q being the X-ray beam wavelength and half of the diffraction angle. 

Electrochemical Performance Measurement 

 Prototype supercapacitors, in the form of coin cells or split cells, were assembled for measuring 

the electrochemical performance (such as specific capacitance, etc.). For hydrophilic ligand 

modified graphenes such as DDDC-rGO, PANI-rGO and PPD-rGO, the electrochemical 
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characterization was conducted under galvanostatic mode in the potential range of 0-0.8Vs with 

an aqueous electrolyte (1 M H2SO4), while a hydrophobic ligand modified graphene, ODTS-

rGO, and DDDC-rGO were performed in the range of 0-2.5V with an organic electrolyte (1 M 

tetraethylammonium tetrafluoroborate in acetonitrile). Other control samples including rGO and 

all other ligand grafted specimens without E-field (at 0 kV) were also tested for comparison. The 

cell assembly in a symmetrical two-electrode configuration was followed to a previously 

reported procedure.6	Electrochemical impedance spectroscopy was performed between 100 kHz 

and 0.01 Hz. All tests were carried out with a Versastat 2-channel system (Princeton Applied 

Research).  

A specific capacitance is calculated by using the integrated area of the CV curve by:6 

 𝐶"#$%&# =
(

)×+×∆-
×2 

Where Q is the integrated area of the CV curve, m is the mass of the active material (g), µ is the 

scanning rate (V/s) and ΔV is the potential window of discharge. 

The gravimetric capacitance was also calculated from the galvanostatic charge/discharge curves 

with current density using the formula (for two electrodes thin film configuration): 6,23 

  𝐶"#$%&# =
%×∆/
∆-

×4 

Where i(A) is the discharge current, Δt(s) is the discharge time, ΔV(V) is the voltage change 

(exclude the IR drop) within the discharge time, the multiplier of 4 adjust the capacitance of the 

cell and the combined mass of two electrodes to the capacitance and mass of a single electrode.  

 
Results and discussion 

 Under E-field, the deposited film of DDDC-rGO sheets shows vertically oriented 

graphene sheets/stacks along the E-field direction and the microstructure of the dried film 
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preserved the orientation architecture. Figure 2a and 2b show the SEM morphological 

comparison of DDDC-rGO deposits on the CFP with/without E-field (i.e. 10 kV vs 0 kV). 10 

kV-oriented graphene sheets form rough and porous surface morphology, resulting from 

vertically standing graphene sheets (Figure 2a), compared with a relatively smooth surface of a 

continuous densely stacked film deposited at 0 kV (Figure 2b). The cross-sectional SEM image 

(Figure 2a') clearly shows vertically oriented microsheet stacks and porous microstructure inside 

the film and near the top surface of the film (here, “vertical” means in perpendicular to the film 

surface, i.e., the up-and-down direction in images of Figure 2a’). In the vertically oriented film, 

some sheets in the film remained in a horizontal direction due to the spatial/rotational hindrance 

of large sheets. In other words, some m-rGO sheets may not completely rotate/orient along the 

E-field direction during the evaporative slurry deposition. Thus, we suggest the pores formed by 

vertically oriented sheets in the film can reduce the diffusion length of electrolyte ions through 

the graphene film deposit layer to reach the current collector. As expected, the 0 kV-deposited 

graphene sheets are stacked horizontally after fully dried (Figure 2b'). Besides the DDDC-rGO 

material, the 10 kV assisted deposition process has created similar vertically re-oriented structure 

in films of other m-rGO materials such as ODTS-rGO and PANI-rGO (SEM images shown in 

Supporting Information as Figure S2a & S2b). Depending on functional group and size of 

composited ligand molecules, the baseline horizontally stacked films (at 0 kV) and the vertically 

oriented films may show varied structures in porosity and interspacing between stacked sheets. 

However, it is generally true that the E-field-free deposition always produce horizontally and 

densely stacked films while 10 kV assisted deposition produce more porous and thicker films 

that contain vertically oriented m-rGO sheets. Furthermore, we have observed that the E-field 

seems to facilitate the penetration of graphene sheets into the pores of CFP (Figure S2d). The 
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penetrated sheets tend to always favorably orient their sheet direction in perpendicular to the 

surface of CFP. 

 Figure 3a and 3b show the XRD patterns of DDDC-rGO films deposited on zero 

background silicon and CFP substrate at E-field=0 and 10 kV, where the patterns of bare GO and 

CFP substrate were included for references. The XRD patterns of PPD-rGO and ODTS-rGO 

deposited on CFP substrate were also shown in Figure 3c and 3d. The E-field free DDDC-rGO 

film deposited on silicon and CFP substrate exhibited broad XRD peaks at 2θ=10.37° (interlayer 

spacing, d=0.85 nm) and 2θ=10.25° (d=0.86 nm), respectively, which corresponded to (001) 

reflection of DDDC-rGO. As compared with the peak position of bare rGO, 2θ=12.10° (d=0.73 

nm), it is manifested that the added DDDC ligand indeed served as “spacers” on GO surface and 

increased the interlayer spacing. Another broad XRD peaks at 2θ=26.49° (0.33 nm) correspond 

to the moderately aligned graphitic arrays along the [002] direction generated after reduction. 

The same interspacing control effect was also discerned from the E-field free PPD-rGO, ODTS-

rGO and PANI-rGO as seen in Figure 3c, 3d and S3, respectively. One of the most interesting 

features found from the XRD analysis was that the applied E-field widens the interlayer spacing 

of GO sheets significantly in all the tested films. After E-field-assisted deposition on CFP, the 

peak positions shifted from 2q=10.37° to 10.08° in DDDC-rGO (Figure 3b), from 10.25° to 

9.88° in PPD-rGO (Figure 3c) and from 11.58° to 11.08° in ODTS-rGO (Figure 3d), implying 

that the interlayer spacing increased from d=0.86 nm to 0.89 nm, from 0.93 nm to 0.95 nm and 

from 0.76 nm to 0.80 nm, respectively. The E-field-assisted widening effect was also observed in 

the film deposited on Si-substrate as shown in Figure 3a. This is indicated by the shift of 

diffraction peak from 2θ=10.24° (d=0.86 nm) to 9.94° (0.89nm). It is thought that the E-field 

polarization inhibits a restacking of GO sheets during drying. Here, the facile E-field-assisted 
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processing method showing the interspacing widening and orientation of GO domains has a very 

important implication since the method can be used in various binder-free graphene applications 

to develop high-performance supercapacitors.  

FTIR measurements indicated all four ligand molecules were effectively modified on 

graphene surface (Figure S5). We measured BET surface area of 10 kV-DDDC-rGO and 0 kV-

DDDC-rGO electrode films on CFP substrates. The measurable surface area of DDDC-rGOs 

films were very low (< 1 m2/g) due to organic molecule inhibition to nitrogen adsorption on the 

surfaces.  

 In order to assess the E-field derived vertical graphene orientation and interspacing 

widening effect on electrochemical performance, we have evaluated the film deposits of 10 kV-

m-rGO (DDDC, PANI, PPD and ODTS) films. Further in-depth characterization of electrical 

kinetic properties was focused on DDDC-rGO. Figure 4a shows the CV curves of DDDC-rGO 

electrodes measured at the same scan rate at 10 mV/s for 10 kV-oriented specimen (active 

material mass; 2.6 mg/cm2) and non-oriented one (2.7 mg/cm2). At the similar mass loading, the 

gravimetric capacitance value of the electrode film deposited at 10 kV (the integrated curve area) 

is larger than 0 kV-electrode. It indicates the specific capacitance of the 10 kV-electrode is 260 

F/g which is ~1.6 times higher than 168 F/g of 0 kV-electrode. Figure 4b shows the galvanostatic 

charge/discharge plots for 0 kV and 10 kV electrodes with the same loading amount at 1 A/g. 

The charge and discharge curve of 10 kV-electrode exhibits ~1.5 time longer than 0 kV. It results 

in 391 F/g, which is higher than 304 F/g of 0 kV-electrode. Also, the specific capacitance 

enhancement effect via E-field orientation was evaluated with varying deposit loading amount of 

active materials (Figure 4c). It was reported that specific capacitance of rGO films decrease with 

thickness.10 The similar trend of loading effect is also observed in 0 kV and 10 kV-DDDC-rGO 
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electrodes. The specific capacitances of both DDDC-rGO electrodes decrease with increase of 

loading amount. Interestingly, 10 kV-orientation enhances its capacitance at each loading 

amount. The smallest loading amount (1.2 mg/cm2) has the highest capacitance value of 393 F/g 

at 5 mV/s (430 F/g at 0.5 A/g), which is ~1.3 times higher than a referential 0 kV-DDDC-rGO. 

The highest loading of 10 kV (4.1 mg/cm2) decreased to 185 F/g at 5 mV/s. However, the value 

is still ~1.2 times higher than non-oriented DDDC-rGO at the similar loading.  

The enhanced capacitance of 10 kV-DDDC-rGO electrodes could be explained by 

exposed edge of oriented graphene sheets and widened interlayer spacing. Such exposed 

graphene edge effect was previously reported to produce higher specific capacitance, faster 

electron transfer rate and stronger electro-catalytic activity relative to basal plane 

surfaces.10,14,15,24,25 Also, the enlarged interlayer spacing could be another contribution of this 

improvement via increase of the charge-storage capability between stacked sheets. This result 

agrees with literature finding that the larger sized surfactant ligand intercalated rGO showed 

higher specific capacitance.3 For 10 kV-PPD-rGO, the vertical re-orientation of sheets is hard to 

be visualized by SEM imaging (Figure S2c), however XRD peak shifting to low angle (meaning 

enlargement of intercalation gap) is observed (Figure 3c). In spite of no obvious visual structural 

re-arrangement, the specific capacitance of 10 kV-PPD-rGO shows significant (~20%) 

improvement compared to 0 kV (Table 1). Thus, it is reasonable to interpret that the E-field 

oriented interspacing enlargement could be a factor for the improvement of the capacitance via 

more charge-storage effect between restacked graphene sheets. Different voltages assisted 

electrodes below 10 kV (such as 5kV) were developed, however we did not observe significant 

enhancement effect on capacitance in this system. 
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Besides the impact on capacitance values, the vertically oriented 10 kV-DDDC-rGO  

electrode exhibited higher electron/ion transport performance, compared to non-oriented 

electrodes. Figure 4b showed that the voltage (IR) drop of the film deposited at 10 kV was 0.11 

V which is lower than 0.14 V of the film deposited at 0 kV. The similar features of reduced IR 

drop were also observed at low and high loading electrodes (~1.2 & ~4.2 mg/cm2: Table S1). For 

10 kV vs. 0 kV, they show 0.05 vs. 0.06 and 0.13 vs. 0.21 at ~1.2 and ~4.2 mg/cm2, respectively. 

Generally, the both IR drops increase with loading amount. The reduced IR drop indicates that 

the capacitive reversibility is high, attributed by the high-quality contact at the interface of active 

material/current collector.10,15 Furthermore, comparing with asymmetric charging/discharge 

curve of 0 kV-DDDC-rGO, the charging/discharging curves of 10 kV are more symmetric, 

indicating the capacitive reversibility was high, consistent with its electrochemical 

characteristics. Nyquist plot, as shown in Figure 4d, indicates the kinetic features of electron 

transfer/ion diffusion at the electrodes. The slopes of 10 kV-DDDC-rGOs in comparison with the 

curves of 0 kV was higher in the low frequency region, suggesting higher ion diffusion behavior, 

Warburg impedance, due to the vertically oriented and open-edge structured electrode. 10,15,17 The 

first and second intersects of semicircle curve in the high frequency region of the Nyquist plot 

implies the equivalent series resistance (ESR; Rs) and charge transfer resistance (Rct), 

respectively. For the ion response, the film deposited at 10 kV showed ~50 % low resistance (Rs 

= 2.6 Ω) in comparison with the film deposited at 0 kV (Rs = 5.6 Ω) at the same medium loading 

amount. The low Rs implies an improved electrical conductivity at the interface between 

electrode and electrolyte. The similar features of higher ion diffusion and lower resistance were 

also observed at low and high loading electrodes (~1.2 & ~4.2 mg/cm2: Table S1 & Inset of 

Figure 4d). Note that the high loading of active material in electrode (~4.2 mg/cm2) achieved the 
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smallest Rs (0.49 Ω) which ~67% less than the Rs for baseline sample at 0 kV (1.5 Ω). It suggests 

that the loading amount is a critical factor to determine the kinetics in electrodes. Generally, the 

material and texture of current collector affect the interface resistance between active material 

and current collector.11,15 We expect the Rs of E-field oriented deposit will be effectively reduced 

on metallic foil current collectors. The dependence of the phase angle on frequency (Bode phase 

plot) for 10 kV- and 0 kV-DDDC-rGO is shown in Figure 4e. At the same loading, the 

characteristic frequency, f0, of 10 kV for phase angle of 45° (the equal point for the resistive and 

capacitive impedances) is 0.022 Hz (corresponding elapsed time; 45.7s) which is higher than 

0.017 Hz of 0 kV (58.0s). The rapid frequency response suggests that the vertically oriented 

structure of 10 kV-DDDC-rGO enhance the electrolyte ion transport rate. For the response time, 

the electrode sample with the low loading amount of 1.2 mg/cm2 appears to be more effectively 

affected by E-orientation. The elapsed time of the film deposited at 10 kV was 5.5 s which is 

faster than 21.2 s of the film deposited at 0 kV (Inset of Figure 4e). At the high loading of ~4.2 

mg/cm3, the elapsed time of the film deposited at 10 kV was 56 s which is faster than >100 s of 

the film deposited at 0 kV. Figure 4f shows the capacitance retention (with respect to 5 mV/s) 

with increasing scan rates. At higher scanning rate, the ion mobility generally decreases in 

carbon-based capacitor electrodes, resulting in decrease of capacitance.4,10 It appears E-field 

orientation cannot effectively improve the capacitance retention at high scan rate. Both the 

electrode films deposited at 10 kV and 0 kV show a similar decrease pattern. Instead, the lower 

loading amount improves the capacitance retention. Due to structural hindrance with large size of 

intrinsic graphene sheets, the 10 kV E-field did not orient sheets vertically on entire electrode. 

Control of graphene size with E-field strength expects to increase vertical orientation ratio on the 
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electrode. It may improve the ion mobility in the further oriented electrode structure and improve 

the capacitance retention.   

 To investigate the cycling stability of the 10 kV-oriented and 0 kV-non-oriented DDDC-

rGO electrodes, galvanostatic charge-discharge cycling was performed for 8000 cycles at a 

current density of 2 A/g (Figure 5). The results reveal that both the electrodes deposited at 10 kV 

and 0 kV show high long term cycling stability. Specifically, the capacitance decay of the 

electrodes deposited at 10 kV and 0 kV was 92 % and 89 % of the initial discharge capacitance 

retained after 8000 cycles, respectively. It indicates that the polymer binder-free vertically 

oriented electrode structure exhibits the long-term electrochemical stability. 

 Table 1 shows the summarized average specific capacitance of all other m-rGOs 

electrodes with aqueous and organic electrolytes. Including DDDC-rGO, other m-rGOs (i.e. 

PPD, and ODTS) exhibits the enhanced capacitance via E-field orientation. Compared to 

aqueous electrolyte, the larger molecule size of organic electrolytes shows 26~29% of the 

capacitances retained from aqueous electrolyte. However, it appears that the organic electrolyte 

coin cell of 10 kV-electrode still exhibits E-field orientation effect resulting in higher 

capacitance compared with 0 kV-DDDC-rGO. The 10 kV-PPD and ODTS-rGO, as it mentioned 

earlier, show the E-field orientation effects, resulting in higher specific capacitance than non-

oriented electrodes. 10kV-PANI-rGO shows similar capacitance values of 0 kV-electrode. 

However, galvanostatic charge/discharge curves of 10 kV-PANI-rGO exhibit symmetric 

charging/discharging characteristics (i.e. ideal capacitance feature) while 0 kV-electrode exhibits 

asymmetric feature with gradual charge curve (Figure S6b). In addition, IR drop of 10 kV (0.164 

at 1 A/g) is much lower than 0 kV (0.287 at 1 A/g). Including the vertical orientation and 

interspacing control via E-field, the 10 kV-PANI-rGO exhibits additional new crystal 
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morphology, a crystal peak augmentation (Figure S3). These crystalline features may contribute 

to the unique charge-discharge performance. It suggests that depending on binding molecules, 

the associated E-field orientation revealed different performance effects. The optimization of 

ligand composition ratio could increase the capacitance, but it was out of scope in our study. 

Note that rGO powder deposits did not show E-field alignment effect due to agglomeration of 

graphene particles after drying. Additional capacitance comparison of E-field oriented DDDC-

rGO electrodes results is available in Table S1. 10% of polymer (i.e. PVDF) was added in 

DDDC-rGO solution. The polymer bounded DDDC-rGO also exhibits capacitance improvement, 

compared to non-oriented one. The summarized capacitance feature indicates the E-field 

orientation is a facile and versatile approach developing morphology changes applicable to other 

ligands modifying GO.  

 

Conclusion 

This work demonstrated that molecular ligand modified graphene sheets/stacks could serve as a 

molecular engineering approach to accommodating the nanoscale interspacing of restacked 

graphene in the film deposit. On the other hand, external field-induced vertical orientation of 

graphene sheets represents a new engineering approach to tailoring the microscopic architecture 

of the films, resulting in improved supercapacitor electrode performance. The graphene film 

electrodes based on vertical orientation structure and interlayer spacing controlled by various 

ligands are easily prepared using a facile E-field orientation-deposition process. Various E-field 

oriented graphene electrodes have shown the improvement of electrochemical characteristics, 

higher capacitance and transport performance, in comparison with non-oriented film electrodes. 

More optimization based on deposition conditions and active materials (such as ligand type, 
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grafting amount, solvent type, concentration in slurry, graphene sheet size to reduce space 

hindrance) will be the subject for future investigation.  
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Figure 1 Two-step process to deposit graphene films that contain controlled nano-interspacing 
and microscopic “vertical graphene” domains (i.e., non-crystalline order stack or crystalline 
stack). Vertical structures evolve during electrical field-assisted deposition of m-rGO films under 
electric field at 10 kV.  
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Figure 2 Micro-morphology of deposited films of DDDC-rGOs with/without electric field (0kV 
vs 10 kV). (a) Top surface view and (a') Cross-section view of DDDC-rGO film deposited at 10 
kV; (b) Top surface view and (b') Cross section view of a baseline “control” DDDC-rGOs film at 
0 kV. Image a' clearly shows the vertical orientation of some graphene sheets/stacks along the z 
direction (i.e., electrical field line direction). Image b' shows the horizontal stack of graphene 
sheets in a traditional film deposit sample. 
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Figure 3 X-Ray diffraction patterns of electric field assisted m-rGO films and films deposited at 
0 kV (a) DDDC-rGO deposited on a zero-background silicon substrate, (b) DDDC-rGO 
deposited on carbon fiber paper, (c) PPD-rGO on carbon fiber paper and (d) ODTS-rGO on 
carbon fiber paper. 
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Figure 4 Supercapacitor performance of 10 kV-field oriented versus 0 kV- non-oriented DDDC-
rGO film in a two electrode system with 1.0 M H2SO4 electrolyte. (a) CV curves at a scan rate of 
10 mVs-1; (b) Galvanostatic charge/discharge curves at a current density of 1.0 A/g; (c) Specific 
capacitance comparison as function of deposit loading amount; (d) Nyquist plot, Inset is a high 
frequency region of high loaded electrodes (~4.2 mg/cm2) (e) Bode plots of phase angle versus 
frequency, Inset is low loaded electrodes (~1.2 mg/cm2) (f) Relative specific capacitance 
retention as function of scan rates and loading amounts  
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Figure 5 Cycling performance of DDDC-rGO film electrodes measured at 2.0 A/g 
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Table 1 Comparison of molecular ligand-modified rGO capacitance at 0 kV and10 kV. 

 
 
1)  Split cell; 1M H2SO4, 2) Coin cell; 1M Tetraethylammonium tetrafluoroborate in acetonitrile   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Name 5mV/s 10 mV/s 20 mV/s 50 mV/s 100 mV/s Loading
(mg/cm2)

DDDC1
0kV 241 168 121 63 35 2.7

10kV 341 260 179 95 54 2.6

DDDC2
0kV - 26 18 10 6 2.7

10kV - 72 49 25 14 2.6

PPD1
0kV - 214±24 145±16 80±7 51±4 2.6 ±0.2 (n=4)

10kV - 254±25 177±16 92±8 52±4 2.3±0.4 (n=5)

PANI1 0kV 262 239 195 99 50 4.2

10kV 251 242 198 112 52 3.9

ODTS2
0kV - 31 - 11 6 9.6

10kV - 40 - 20 12 9.2

Bare rGO
0kV - 62 46 26 - 9.7

10kV - 60 39 17 - 10.0
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