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Abstract: High-frequency responsive electrochemical capacitor 

(EC), as an ideal lightweight filtering capacitor, can directly 

convert alternating current (AC) to direct current (DC). However, 

current electrodes are stuck in limited electrode area and tortuous 

ion transport. Herein, strictly vertical graphene arrays (SVGAs) 

prepared by electric-field-assisted plasma enhanced chemical 

vapour deposition have been successfully designed as the main 

electrode to ensure ions rapidly adsorb/desorb in richly available 

graphene surface. SVGAs exhibit an outstanding specific areal 

capacitance of 1.72 mF‧cm−2 at Φ120 = 80.6° even after 500,000 

cycles, which is far better than that of most carbon-related 

materials. Impressively, the output voltage could also be 

improved to 2.5 V when using organic electrolyte. An ultra-high 

energy density of 0.33 μWh‧cm−2 can also be handily achieved. 

Moreover, ECs-SVGAs can well smooth arbitrary AC waveforms 

into DC signals, exhibiting excellent filtering performance. 

With the rapid development of electronic products toward 

lightweight and miniaturization, electrochemical capacitors (ECs) 

with fast rate capability, appreciable capacitance density, and 

appropriate flexibility have attracted extensive attention.1-6 In 

particular, the high-frequency responsive EC, which smooth the 

leftover alternate currents (AC) ripples into direct currents (DC) in 

line-powered devices, is an encouraging alternate for the bulky 

and rigid aluminum electrolytic capacitor (AEC).7-14 However, 

integration of high energy density and high frequency response 

properties within a tiny EC device still remains a challenge, which 

lies in mutually exclusive requirements for complex electrode 

structures.15-21  

Given this, a myriad of electrode materials with elaborate 

structures have been developed to balance the trade-offs 

between the ion transport property and capacitance density, 

including the vertically aligned arrays, large porous films, onion-

like nanoparticles, edge-oriented coating, coordination polymer 

framework, and their composite assemblies.22-41 Among them, 

vertical graphene (VG) holding straightly open channels and 

abundant charge storage surfaces are ideal electrodes for 

excellent AC line filtering.  

However, using most popular electrochemical deposition method, 

a quasi-vertical structure can be fabricated with graphene oxide 

or reduced graphene oxide, which leads to limited accessible 

electrode surface areas and heavily intensified electrolyte 

resistance.7, 10 Instead, plasma-enhanced chemical vapor 

deposition (PECVD) can directly grow a conductive VG with 

strictly vertical channels on collectors in one step, which allows 

the ions to quickly reach the whole pores. Unfortunately, the 

reported VG electrodes prepared by traditional PECVD exhibit 

limited electrode height (~2 μm) 25, 42, 43 and randomly arranged 

graphene sheets, impeding the maximum capacitance.44-49 

Therefore, it is highly desirable to simultaneously enhance growth 

rate and accurately controlling the orientation of VG for high 

performance electrode materials. 

Herein, we developed an electric-field assisted plasma-enhanced 

chemical vapor deposition (EF-PECVD) method to grow strictly 

vertical graphene arrays (SVGAs) as electrode materials of ECs. 

Benefiting from in-built electric field, graphene arrays could grow 

vertically and bond to each other at a height of ~30 μm, forming a 

conductive network in the horizontal direction and micro-channel 

in the vertical direction. Moreover, free-standing graphene sheets 

and the connection between directly grown graphene endow the 

capacitors with high SSA and smooth ion channels. Hence, 

SVGAs exhibit an excellent specific areal capacitance (CA) of 1.72 
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mF cm−2 at Φ120 = 80.6° in aqueous ECs, which is over 19 times 

higher than that of graphene sheets grown with traditional PECVD 

and better than that of all the quasi-vertical electrodes. Moreover, 

the output voltage could also be improved to 2.5 V by using the 

organic electrolyte. Accordingly, an ultra-high energy density of 

0.33 μWh‧cm−2 at Φ120 = 80.1° can be achieved. Furthermore, 

both aqueous and organic SVGAs-ECs can well smooth arbitrary 

AC waveforms into DC signals, demonstrating outstanding 

filtering functions in diversified scenarios.  

Construction of SVGAs and ECs 

 

Figure 1. Synthetic procedure and morphology characterization of electrode 

materials for EC. a Schematic illustrations of EF-PECVD procedure for growth 

of SVGAs and construction of SVGAs based EC. b, c sectional-view and top-

view SEM images of SVGAs. d digital photo of SVGAs electrode with flexibility 

and machinability. 

Figure 1a illustrates the overall synthetic procedure for the growth 

of SVGAs and preparation of flexible ECs constructed by SVGAs. 

SVGAs are prepared by a homemade EF-PECVD setup equipped 

with two parallel electrode pads (upper-left in Figure 1a and 

Figure S1) which induce a constant vertical electric field.50 During 

the growth procedure, the reactive carbon species generated 

from plasma bombardment can continuously converge and 

nucleate on the substrate, then piece together into graphene 

sheets. The built-in electric field induce a dipole moment (P) on 

graphene. Later, a force (FR) produced on the dipole would 

continuously rotate VG sheets and align them along with the 

electric field orientation (Figure S2), thus forming a strict 90° 

graphene wall on the substrates (lower-left in Figure 1a).51 

Typical side-view scanning electronic microscope (SEM) images 

(Figure 1b) represents a free-standing structure, in which all 

graphene sheets stand vertically on substrates without any 

tortuosity. Impressively, the electric field could maintain the 

vertical structure of SVGAs up to 30 μm or even higher (Figure 

S3), which is of good crystalline quality and has no metal and 

other impurities (Figure S4). Moreover, in top-view SEM image, 

SVGAs exhibit small pore sizes (~500 nm) with abundant active 

edges and non-agglomerated morphology (Figure 1c). Besides, 

the growth of SVGAs is a low temperature, catalyst-free, and 

universal procedure, making it possible to grow a large area 

SVGAs electrode on various substrates with flexibility and 

arbitrary shapes (Figure 1d and Figure S5). Finally, the ECs with 

sandwich configuration are prepared by face to face placing two 

identical electrodes and exhibit a compact and portable 

appearance (the right column of Figure 1a and Figure S6), 

delivering good compatibility with miniaturized electronic circuits. 

Comparison between SVGAs and QVGAs 

 

Figure 2. Comparison of structural and electrochemical properties between 

QVGAs and SVGAs. a, b Sectional-view SEM images of QVGAs and SVGAs. 

c, d Plots of phase angle and areal specific capacitance (CA) versus frequency 

for EC-SVGAs and EC-QVGAs, respectively. e, f Schematic illustration of ion 

diffusion in QVGAs and SVGAs, respectively. 

Figure 2a and 2b display the cross-sectional microscope images 

of two different vertical electrode materials grown by PECVD 

without and with an additional electric field. As the growth time 

increases, the graphene sheets of QVGAs will overlap and splice 

with each other and eventually form a dense three-dimensional 

nanowall structure, (Figure 2a) in sharp contrast to the 90° 

vertical SVGAs. (Figure 2b) Their morphological characteristics 

are also verified by the transmission electron microscopy (TEM) 

(Figure S7).  

Furthermore, to directly reveal the superiority of SVGAs over 

QVGAs, the EC based on SVGAs (EC-SVGAs) and QVGAs (EC-

QVGAs) with the same height of ~6 μm are fabricated and 

characterized by the electrochemical impedance spectroscopy 

(EIS). Figure 2c and 2d display the CA and phase angle (Φ) as a 

function of frequency, respectively. Generally, 120 Hz is a critical 

frequency for evaluating filtering capacitors. At this frequency, 

SVGAs yields a CA of 1.72 mF cm−2, which is nearly 19 times 

higher than that of QVGAs (92 μF·cm−2). More than that, the Φ120 

of −80.6° for SVGAs is also closer to −90° compared with that of 

−77° for QVGAs, demonstrating the outstanding capacitive 

behavior of SVGAs.  
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An appropriate electrode material for a high-frequency filtering 

capacitor should exhibit a large surface area for charge 

accumulation and smooth ionic transport paths to minimize the 

resistance. As proven by the methylene blue adsorption 

experiment, the SVGAs exhibit a much larger SSA than that of 

QVGAs (Figure S8), which explains the higher CA of EC-SVGAs. 

Besides, the outstanding capacitive behavior of EC-SVGAs could 

be ascribed to small equivalent series resistance (ESR), which 

could be read out from the Nyquist plots (Figure S9). On this 

basis, we can conclude the strictly vertical structure and ordered 

graphene sheets of SVGAs maximize the utilization of surface 

area and provide the open channels for the shortest straight path 

of ions, which is in favor of excellent electrochemical 

performances (Figure 2f). In contrast, the agglomerated structure 

of QVGAs would waste the available charge adsorption surface 

and restrict the smooth ions transport, further increasing the 

distance for ion exchange (Figure 2e). 

Electrochemical performances of EC-SVGAs  

 

Figure 3. Electrochemical properties of SVGAs based ECs with different height. 

a Nyquist plot of EC-SVGAs with different height; inset: the expanded view at 

high frequencies. b,c Plots of Φ and CA versus frequency for EC-SVGAs with 

different height. d Comparison of Φ and CA of EC-SVGAs with those of reported 

carbon related ECs for AC line-filtering. 

In addition to the vertical orientation, the height of vertical arrays 

prepared by EF-PECVD could be easily adjusted (Figure S10). 

When the electric field force is set at 30 V cm-1, the height of the 

SVGAs increased linearly with the growth time with an average 

rate of ~3 μm h−1, from ~1.5 μm in half hour to ~15.0 μm in 5 hours. 

For clarity, the different SVGAs were nominated as SVGAs-n (n 

= 0.5, 1, 2, 3, 5), where n represents the growth time. As shown 

in Nyquist plots (Figure 3a), all the curves exhibit the near-vertical 

characteristic and miss the semicircle at the high-frequency 

region, implying the electrochemical process is a double electric 

layer mechanism rather than faradic charge transfer reaction. In 

addition, the small relaxation time constant demonstrates the fast 

ion adsorption/desorption characteristic. (Figure S11) The lowest 

Φ120 of EC-SVGAs-n is measured as high as −85.8°, which is 

even better than commercial AECs (22 μF) (Figure S12). With the 

increase of height from 1.5 μm to 15.0 μm, the Φ120 slightly 

decrease in the sequence of −85.8°, −82.7°, −80.6°, −78.5°, and 

−71.9° (Figure 3b). Different from Φ, the CA exhibits an 

incremental improvement from 0.67 to 4.80 mF·cm−2 (Figure 3c), 

which should be benefited from the significantly enhanced ion-

accessible surface area triggered by SVGAs growth. On this basis, 

the area energy density (EA) could be further calculated. (Figure 

S13 and Table 1) Although there are some trade-offs between 

the response capability and energy storage capability, the 

excellent CA and EA of EC-SVGAs-n still surpass those of the best 

filtering ECs based on QVGAs and most carbon-related devices 

reported so far (Figure 3d and Table 1).10, 25, 27-28, 37-38, 40-43  

 

Figure 4. The electrochemical performances of EC-SVGAs-2. a CV curves of 

the EC-SVGAs-2 at scan rate up to 1000 V s−1. b Plots of discharge current 

density at voltage of 0.5V versus scan rate. c Galvanostatic charge–discharge 

curves at various current densities. d Voltage drop and coulombic efficiency 

versus current densities, respectively. e Cycling stability of EC-SVGAs-2. 

Here, the EC-SVGAs-2 was chosen as the main object because 

it possesses overall best CA of 1.72 mF·cm−2 and Φ of −80.6° at 

120 Hz. As shown in Figure 4a and 4b, the cyclic voltammetry 

CV profiles of the EC-SVGAs-2 exhibit near rectangular shapes 

and linear relationship of discharge current to scant rate to 1000 

V·s−1, which demonstrated fast electron transport within the 

electrode materials. Besides, the galvanostatic charge-discharge 

(GCD) measurement also confirms the impressive rate capability 

(Figure 4c，4d and Figure S14). With the current density up to 

50 mA·cm−2, the EC-SVGAs-2 still shows an ideal isosceles 

triangular shape with negligible voltage drop (IR drop), indicating 

the 100% coulombic efficiency and ultra-low resistance at rapid 

charging and discharging process. Otherwise, the intrinsic 

carbonaceous structure of the SVGAs endows the long-term 

cycling stability along with nearly unchanged CA and Φ after 

striking 500 000 cycles (Figure 4e). It is worth mentioning that the 

EC-SVGAs also exhibit excellent flexibility, mechanical properties, 

and outstanding durability. (Figure S15) 
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Considering the possible limitation of aqueous electrolyte (1 V), 

organic electrolyte and tandem configuration were eagerly 

extended the operation voltage to 2.5 V or X V (X means numbers 

of series devices) without sacrificing rectangular CV profiles 

(Figure S16 and S17). Meanwhile, the almost coincident Bode 

phase diagrams between the high voltage devices and the 

aqueous EC-SVGAs-2 also indicate their similar capacitive 

behavior at a wide frequency range (Figure S18). Apart from the 

high-frequency response, the high-capacity characteristic was 

also retained by utilizing organic electrolyte, which delivers a CA 

of 1.52 mF·cm−2 comparable to that of EC-SVGAs-2 in aqueous 

electrolyte (1.72 mF·cm−2) at 120 Hz (Figure S19). Combining the 

2.5 V working voltage, an ultra-high energy density of 0.33 

μWh‧cm−2 at Φ120 = 80.1° can be achieved, demonstrating a 

significant energy storage advantage within a compact space 

(Figure S13 and Table 1). 

Filtering performance of EC-SVGAs 

 

Figure 5. The filtering performances of EC-SVGAs-2. a Schematic 

demonstration of the circuit used for smoothing AC signals. b, c Filtering 

performance of EC-SVGAs unit in aqueous electrolyte. d-f Filtering 

performance of EC-SVGAs connected in series in aqueous electrolyte, g-i 

Filtering performance of EC-SVGAs unit in organic electrolyte. 

Given the ultra-high frequency response and large capacity 

density, which are urgently required for the AC filtering 

performances with smooth output voltage, the EC-SVGAs was 

further engineered into the model AC/DC conversion circuit. 

Figure 5a displays the model circuit composed of a full-bridge 

rectifier, a filtering capacitor (EC-SVGAs), and a loaded resistor 

(RL) connected in parallel. As a proof of concept, a series of EC-

SVGAs devices with aqueous electrolyte (1 V/0.22 mF), organic 

electrolyte (2.5 V/0.19 mF), and tandem configuration was 

incorporated with 1 MΩ RL to verify the AC filtering performances. 

Figure 5b, d, e, g, h and Figure S20 present whether in the 

aqueous electrolyte or organic electrolyte, the EC-SVGAs can flat 

the randomly complex AC (60 Hz) to steady DC with 

inconsiderable ripple voltage, including the sinusoidal square, 

triangular, and pulse waves. More importantly, even for noise 

signals with sharply chaotic oscillations, the EC-SVGAs can 

complete the ripple filtering mission (Figure 5c, f and i), 

suggesting the EC-SVGAs have a great potential in pulse 

environmental energy harvesting equipment requiring specific 

devices with significant filtering function. 

Conclusion 

This study accurately controlled the growth orientation of 

graphene arrays recurring to the electric-field regulated PECVD 

process. Compared with the previous QVGAs, the completely 

vertical configuration of SVGAs not only ensures straightforward 

pore structure from the up to down to 30 μm height, but also 

tremendously enhanced SSA of the materials, thus lead to 

efficient ion transport and electron transport pathways, and 

sizeable ion-accessible surface area for the high-frequency 

charge storage. Accordingly, the EC-SVGAs with aqueous or 

organic electrolyte is capable of exhibiting excellent CA, Φ, and 

energy density at 120 Hz with arbitrary AC filtering performances, 

which is far better than most ECs based on QVGAs and carbon-

related devices, demonstrating the colossal promising of EC-

SVGAs for replacement of conventional AECs of practical 

importance.  
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ECs. Accordingly, the EC-SVGAs with aqueous or organic electrolyte is capable of exhibiting excellent CA of 1.72 mF‧cm−2, Φ of 80.6°, 

and energy density of 0.33 μWh‧cm−2 at 120 Hz with arbitrary AC filtering performances, which is far better than most carbon-related 

devices, demonstrating the colossal promising for replacement of conventional AECs.  
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