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Abstract 

Consumer grade supercapacitors as power supply resources require outstanding 

electrode materials with large conductivity, high durability and retention rates, as well 

as large capacity. Graphene is a promising functional material as electrical double layer 

capacitance electrode due to its large surface area, high chemical stability and moderate 

conductivity. However, the existing graphene synthesis methods, including CVD and 

chemical exfoliation, are limited at lab scale production. Although laser induced 

graphene has demonstrated outstanding performance as electrode materials for 

microsupercapacitor, its difficulty to attach to metallic current collector limits its 

application as large capacity electrode materials. Herein, laser induced forward transfer 

of graphene is developed for additive depositing laser induced graphene onto nickel 

foam as composite electrode. The laser annealing enhanced lattice matching between 

the extended Basel plane of graphene and Ni(111) prompts its high electrical 
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conductivity (359,712 S/m), high retention rate (over 98% capacitance retention after 

10,000 cycles), large areal specific capacitance (995 mF/cm2) and power densities (9.39 

mW/cm2). The assembled supercapacitors with these additive printed electrodes can 

work as USB charger with stable 5 V output voltage, for charging smart phones and 

other smart devices.   

 

Video Abstract: 

https://youtu.be/jehxkRtvmmE 

 

Introduction 

Although the development of mobile devices (such as mobile phones, smart 

watches, wearable sensors, RFID tags and other portable devices) is booming, the 

technologies of the powering units for such devices are progressing slowly.1 The long 

charging duration, up to hours, usually leads to an unsatisfactory user experience. 

Although power banks can partially solve the slow charging issues by charging the 

devices during use, these power banks themselves, usually made of batteries, need a 

rather long charging time.2 Compared to batteries, supercapacitors are energy storage 

devices with fast charging features. Instead of utilizing the Faradaic redox reaction, like 

batteries, supercapacitors make use of the electrical double layer capacitance (EDLC) 

for storing the energy.3 The electrostatic Helmholtz double layer at the electrolyte and 

https://youtu.be/jehxkRtvmmE
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electrode interface ensures the fast charging of the supercapacitor. The porous structures 

of electrode materials are crucial for supercapacitor, and the recent developed novel 

carbon-based materials have demonstrating outstanding performance as supercapacitor 

electrode.4-7  

Laser-induced graphene (LIG) has been intensively studied in regard to its 

applications in supercapacitor electrodes during the past four years, due to one-step 

easy processing and roll-to-roll manufacturing compatibility.8 Although these LIG 

supercapacitor have demonstrated high performance in micro-supercapacitor 

applications, their inner resistances increase significantly as larger capacitance devices 

due to the relatively poor conductivity of semiconducting graphene compared to metals. 

Common metal current collectors can barely contact the LIG electrode (due to the 

remaining insulating polyimide beneath the LIG), so only silver paste can be applied to 

such microsupercapacitors for in-lab demonstration.9 For optimizing the supercapacitor 

electrode with low resistance and high volume, composite electrodes with carbon active 

materials and metal current collectors architectures are usually used.10 Ultrahigh power 

density was achieved with onion-like carbon on patterned gold current collectors on 

silicon wafers.11 Monolithic carbide-derived carbon supercapacitors have also been 

fabricated with patterned gold current collectors.12 Furthermore, nickel also possesses 

high performance at significantly low cost, and has been intensively studied as current 

collectors and electrodes for supercapacitor and battery applications.13-17 For achieving 

high performance, a fast charging graphene supercapacitor has been fabricated with 

CVD grown graphene on a nickel substrate.18 
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Laser induced forward transfer (LIFT) is a novel type of 3D printing, enabling high 

resolution printing of functional materials onto desired locations.19 Recently, we 

developed a continuous wave (CW) LIFT method for simultaneous photosynthesis and 

additive depositing of copper onto various substrates.20 We also demonstrated the 

capability of using a 1064 nm CW laser for fabricating graphene Janus wetting 

membranes for solar-driven desalination.21 By artificially controlling the 

superhydrophilic arrays, we fabricated wearable fluid capture devices for in-situ 

measuring the glucose levels within sweat.22 In addition, we have undertaken an in-

depth study of the photo reduction mechanism of graphene oxides and other oxides 

under laser scribing.23, 24 Based on the above findings, herein we further develop a novel 

graphene deposition method, combining simultaneously laser synthesis as well as LIFT 

printing, for the additive manufacturing of scalable graphene/nickel based 

supercapacitor electrodes. The post laser treatment significantly enhanced the lattice 

matching between the additive printed graphene and the nickel current collector. 

Capacity retention over 98% can be maintained after 10000 cycles of charging and 

discharging. The composite electrodes show high capacitance as well as low inner 

resistance, without significant degradation when stacking up to 100 layers of 3D 

printing.  

 

Experimental  

Polyimide films (Kapton) of 200 µm thickness and nickel foams of 0.1 mm thickness 

were used directly after purchase. A DMG Lasertec 40 at 1064 nm with the CW mode 
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was used for the laser treatment. The output laser energy was set to 7 W with a writing 

speed of 800 mm/s. After printing, the multi-layer nickel foams (Figure S1) were 

pressed into thinner foams with 10 MPa pressure, as shown in Figure S2. A Tescan 

VEGA3 Scanning Electron Microscope (FESEM) with Energy Dispersive X-ray (EDX) 

spectroscopy was used for the morphology and elementary analysis. A Field Emission 

Electron TEM (JEOL Model JEM-2100F) was used for the high-resolution 

characterization. X-ray Photoemission Spectrometry (XPS) with a SKL-12 

spectrometer, and an Mg Ka X-ray source was used for the characterizing the chemical 

elements. The Raman spectra was characterized with a LabRAM HR 800 Raman 

Spectrometer with a 488 nm laser source. The electrochemical measurement was 

performed using a Princeton VersaSTAT III electrochemical station. The CE8301 chips 

were used for the PWN step-up conversion. The input to output response of the step-up 

was measured using two Keithley 2450 SourceMeter SMU Instruments. The electrical 

conductivity was performed by four-point measurement using one Keithley 2450 

SourceMeter SMU Instrument with potential-probe spacing at 7 cm. 

For measuring the specific capacitance, the composite electrodes were cut into 1 cm by 

1 cm in square shapes. The areal specific capacitance was calculated from GCD curves 

using the equation 

𝐶 =
𝐼∆𝑡

𝑠(∆𝑉 − 𝐼𝑅)
 

Where I is the constant discharge current, Δt is the discharging time, s is the area of the 

electrodes, ΔV is the potential range of the graphene/nickel electrode, and IR is the 

voltage drop due to the internal resistance.  
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Results and Discussions 

The additive manufacturing processes of graphene/nickel composite electrodes are 

schematic illustrated in Figure 1. The crystalline structure of nickel is face center cubic 

phase with lattice constant of 0.352 nm, as shown in Figure 1a. Meanwhile, the lattice 

constant of the pristine monolayer graphene is 0.246 nm, as shown in Figure 1b. The 

structural parameter of the graphene can be extended up to 0.280 nm, when grown on 

the face (111) of nickel.25 The catalytic mechanism of Ni (111) for graphene growth 

was also evidenced using DFT calculation and SPM characterization.26 So if sufficient 

annealing (such as laser heating) is applied to graphene layers on nickel substrates, the 

crystalline lattices of graphene might match to the underlying nickel substrate, as 

denoted as AOC shape in Figure 1c, with stable electrochemical properties.27-29 

In order to fabricate the graphene/nickel composites with high degree of lattice 

matching, a modified laser induced forward transfer process was introduced for 

additively depositing of graphene onto nickel foam substrate.20 A flexible polyimide 

film is placed on a roll-to-roll holder for reeling and a pristine nickel foam is placed 

under the polyimide film. A laser beam spot at 1064 nm wavelength in the CW mode is 

focused onto the polyimide film, as shown in Figure 1d. Then the laser beam scribes 

the polyimide film along the computer designed patterns. The high temperature from 

the focused laser spot carbonizes the polyimide film into graphene membranes. When 

the laser energy is sufficiently large, the high temperature outgoing gases (such as CO2) 

possess abundant kinetic energy to drive the graphene flakes towards the underlying 

nickel foam, as shown in Figure 1e. Thus, the synthesized graphene can be LIFT printed 
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onto the nickel current collector. Post laser scribing on the as-printed graphene provides 

an annealing effect for promoting the extended lattice structure of graphene according 

to the lattice structure of the nickel foam as well as a wetting surface for the graphene, 

as shown in Figure 1f.22 For the second layer printing, another pristine nickel foam is 

placed onto the first layer. Then another LIFT printing of graphene and post laser 

treatment are applied to the second layer, as shown in Figure 1g and 1h, respectively. 

For continuously printing further layers, more pristine nickel foams are placed above 

the existing layers, followed by repeating the LIFT and post treatment processes, as 

shown in Figure 1i. Using this LIFT printing process, arbitrary shapes of LIFT printed 

graphene/nickel composite electrodes can be fabricated (as shown in Figure S3). 

The morphologies of the LIFT printed composite electrodes were characterized 

with electron microscopy. The pristine nickel foam shows 3D microscale porous 

structures (Figure 2a), with relatively smooth surfaces (Figure 2b). After the LIFT 

printing, fuzzy flakes of graphene were seen above the porous nickel foam as in Figure 

2c. The zoom-in observation of these additives reveals them as layered flakes, 

extending from nickel foam underneath, as shown in Figure 2d. After the post laser 

treatment, the fuzzy layers disappear, as shown in Figure 2e. Instead, a uniform coating 

of porous nanostructures was found on the 3D nickel foams as shown in Figure 2f. The 

nanostructures of the post treated graphene flakes were further examined with TEM as 

shown in Figure 2g. The crystalline lattices with ~0.35 nm d-spacing were clearly 

observed, indicating the polycrystalline nature of the graphene flakes. In addition, 

porous structures (highlighted in red) were randomly distributed among the graphene 
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flakes, as shown in Figure 2h, which benefit the access of electrolyte ions into these 

porous structures, which work as supercapacitor electrodes.  

The chemical composition of the LIFT printed graphene was examined using 

spectra characterization. The Raman shift spectra of the samples in Figure 3a are 

featured with four prominent peaks. The G at 1580 cm-1 and 2D peak at 2700 cm-1 

originating from second order zone-boundary phonons, and D peaks at 1350 cm-1 

representing the sp2-carbon bonds of both the as-printed and post-treated samples, 

indicated as typical few-layer graphene flakes with random orientation. Thus, the 

aromatic and imide repeat units in the polyimide are chemically reduced to graphene 

under such laser treatment. A slightly weaker peak in G for the as-printed electrodes 

indicates a higher defect ratio than the post-treated sample. To verify such differences, 

XPS analysis was also performed on both samples. As shown in Figure 3b, the as-

prepared sample contains 90% carbon, while the oxygen and nitrogen peaks are still 

recognizable. Further, the post-laser treated sample showed higher carbon, less nitrogen 

and no oxygen signals (Figure 3c). Hence, it can be inferred that the high temperature 

during the post laser treatment can further break the remaining C-O, C=O and N-C 

bonds, so that more graphene ratios remain. These spectral changes indicate that post 

treatment can further increase the graphene ratios within the composites. 

To study the performance of supercapacitors with the LIFT printed electrodes, 

symmetrical electrodes in 1 M KOH aqueous electrolytes were assembled, as shown in 

Figure S4. The CV curves of different layers of printing are shown in Figure 4a with 

layer numbers ranging from 1 to 10. The quasi-rectangular shape of the CV curve 
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proves the dominance of the EDLC mechanism. The increased number of layers did not 

compromise the EDLC performance, demonstrating its high scalability for 3D printing 

of thicker electrodes. To examine the charger transfer within the graphene/nickel 

electrodes with different layer numbers of 3D printing, classical electrochemical 

impedance spectroscopy is used with frequency ranging from 100 kHz to 0.01 Hz. The 

Nyquist plot of the device in Figure 4b shows that all their equivalent series resistances 

(ESR) are small, suggesting that their high conductivities (359,712 S/m) are preserved 

even with 10 layers of printing. The connecting resistance between the graphene flakes 

and the nickel collectors were low, as suggested by the small ESR values ranging from 

0.78 to 1.06 Ω as shown in Figure S5a-d. The charge transfer resistance Rct and the 

double layer capacitance Cd are represented by the semicircular diameter of the Nyquist 

curve at the high frequency zone. Short diffusion distances can be deduced according 

to the smaller semicircular diameters as the layers of printing increased. For the 10 

layers of 3D printed electrode, the Rct is as low as 0.14 Ω, indicating the ultra-low inner 

resistance of the active graphene materials. At low frequencies, ideal capacitive 

behaviors were observed for all different layers, with a nearly vertical plot with 

frequency lower than 1 Hz.  

The GCD plots of the devices show a linear charging and discharging curve, further 

proving their effective EDLC storage mechanisms, as shown in Figure 4c. The specific 

capacitance of these 3D printed supercapacitor devices was calculated from the GCD 

plots using the equation C=I·t/V, and plotted according to the different current densities 

in Figure 4d. With the layer number increased from 1 to 100, the specific capacitance 
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of these supercapacitor devices increased from 10 to 995 mF/cm2 (~27.47 mF/cm2 in 

the three-electrode configuration in Figure S6 at 50 mV/s), indicating its outstanding 

scalability for additive manufacturing. The areal capacitance of this composite 

electrode is significantly larger than traditional techniques for EDLC supercapacitors, 

and even 6 times larger than the original laser induced graphene.9, 30, 31 The areal 

normalized Ragone plot show increased performance in terms of areal energy and 

power density as the layer of 3D printing increased, as shown in Figure 4e. Highest 

device power density at 9.39 mW/cm2 was achieved at 55.9 µW/cm2 energy density 

with 100 layers of LIFT 3D printing. And even with one layer printed electrode, the 

performance was significantly enhanced compared to the reported LIG synthesized 

with directly CO2 laser.32 The robust retention greater than 98% is shown in Figure 4f, 

with quasi-linear charging and discharging slops at 10,000 cycles. The self-discharge 

curves for the 3D printed electrode shows two significant effects as in Figure S7. 

Although a relatively quick 0.2 V voltage drop was observed in the first 10 minutes, the 

following voltage drop became much slower with another 0.2 V drop for the additional 

50 minutes. 

The electrical energy storage mechanism determines that the supercapacitor cannot 

provide a constant output voltage. Unlike batteries with fixed voltage windows defined 

by the redox reaction, the attaching and detaching of ions at the electrode/electrolyte 

interface is not able to maintain a constant electrical potential for the supercapacitor. 

Although pseudocapacitance can provide a similar flat stage within a certain voltage 

range, it cannot meet the requirement for practical use as a powering source.33 Usually, 
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a DC-DC converter is recommended for using supercapacitors to power the actual 

devices.34 In principle, there are two types of DC-DC converters, step-down and step-

up ones. The step-down type DC-DC simply reduces the input potential from the 

supercapacitor down to a lower potential, providing a constant output voltage. However, 

when the output voltage of the supercapacitor is below the required voltage of the 

electrical appliance, the electrical loads cannot receive sufficient energy to work 

functionally. Recently, the development of the step-up DC-DC converter is booming, 

thanks to the progress in semiconductor technologies. Using pulse-width modulation 

(PWM) generators, lower input voltages can be raised to higher output voltages.35 Since 

the voltages of supercapacitors always decrease during discharge, we find these PWM 

generators very useful for powering electrical appliances at higher voltage from lower 

voltage supercapacitors.  

The application of such a supercapacitor as a 5 V output voltage powering source 

is demonstrated using a USB adaptor combined with a PWM type step-up DC-DC 

converter. The anode and cathode of the punch cell type supercapacitor are connected 

to the positive and negative pins of the DC-DC converter circuits, respectively, as 

shown in Figure 5a. The PWM block on the circuits can constantly provide an output 

the voltage at 5 V to the USB adaptor, using the circuit shown in Figure S8. When the 

supercapacitor is discharging, the left and the right pin of the USB adaptor can supply 

5 V DC voltage, like commercial chargers, as shown in Figure 5b. The actual output 

voltage of the in-series supercapacitor was monitored using a USB power meter, as 

shown in Figure 5c. Although the voltage of the supercapacitor would decrease 
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according to the GCD plots in Figure 4c, the output voltage of the USB adaptor can be 

maintained at around 5 V until 80% of the capacitance (from 5V to 1V) is drained, 

thanks to the circuitry. The actual USB voltages according to different supercapacitor 

output voltages are plotted in Figure 5d. For the five in-series supercapacitors with 

output voltage ranging from 5 V to 1 V, the actual USB voltage fluctuates between 5.25 

V to 4.98 V, which is below a 5% variation. So these 3D printed supercapacitors can 

successfully serve as powering sources for 5 V USB charging, with over 80% efficiency.  

Supercapacitors combine the advantages of both batteries and capacitors, with 

adequate charging rates and capacity. Although they have huge potential for powering 

a wide range of devices, the reported literatures on supercapacitor research barely 

explores their constant-voltage powering functions. For example, most papers only 

mention their applications for powering up an LED, a lamp, or charging a phone for a 

very short duration. Although over two billion smartphones are used every day, 

unfortunately, very few studies have addressed the potential of using supercapacitors 

for the USB charging devices.36  

In this research, we successfully 3D printed graphene/nickel supercapacitor 

electrodes with high scalability, high capacitance and low resistance. Compared to the 

existing literature on EDLC supercapacitors, our current research provides advances in 

several aspects. Even though a pure graphene composite can demonstrate even larger 

volume capacitance, the relatively large overall resistance would decrease the 

performance when scaling up.37 The CVD growth of graphene on metal current 

collectors can have even higher conductivity than in our study, however, the time and 
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costs in CVD is higher larger than laser scribing at ambient conditions.18 Although 

hydrothermal methods can also deposit carbon materials onto metal current collectors, 

these labor-intensive procedures are not so straightforward compared to robotic 

fabrication processes.38 Although the existing LIGs on polyimide films can work as 

microsupercapacitor, as illustrated in Figure S9, their relatively low conductivities (92 

S/m calculated with our four-probe measurement) limit their direct application as large 

capacity powering sources. The direct contact of graphene on the nickel current 

collector decreases the inner resistance of the electrode, so the performance of the 

supercapacitor can be sustained when stacking in higher performance devices.39  

Although this research has addressed several issues related to the application of 

supercapacitors for 5V USB charging, some improvements can still be made on the 

current research. Even though graphene can provide high capacitance, however, the 

EDLC mechanism still stores less energy than the pseudocapacitive supercapacitors. 

The actual lattice matching between the 3D printed graphene on the nickel surfaces are 

still not know. A more detailed study on a thinner layer of graphene on the single 

crystalline Ni (111) surface should be carried to investigate its inner mechanism for 

such stable composite electrodes. Adding pseudocapacitive additives onto the existing 

3D printed graphene/nickel electrodes might further enhance the capacitance of the 

supercapacitors.33, 40 The scope of current research was limited to the aqueous 

electrolyte-based supercapacitor. The graphene might not fully cover the inner 

structures of the nickel foam surfaces, and specific consideration should be given for 

the selection of electrolyte, preventing the potential etching of electrolyte on the 
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exposed nickel surfaces. The application of a state-of-the-art organic electrolyte might 

further boost the performance of such capacitors.13 The laser parameters also play 

important roles on the influence of surface pore structures of the laser induced graphene. 

To correlate the specific capacitance and the rate performance of composited electrodes 

on these pore structure, a more systemically study will be carried out according to 

different laser writing speeds and powers in the future.   

 

Conclusions 

In summary, we have demonstrated a novel type of LIFT printed 3D supercapacitor 

electrodes with high degree of lattice matching between the functional graphene flakes 

and the nickel current collectors. These highly-scalable graphene/nickel composite 

electrode with optimized porosity can achieve high performance for practical 

supercapacitor applications. Their high electrical conductivity, stability, and specific 

capacitance provide robust performances as supercapacitor electrodes. The high 

efficiency PWM step-up converter demonstrate great potential for outstanding 

performance supercapacitors as portable powering sources with constant output 

voltages. We anticipate the development of supercapacitors will benefit the end users 

of future portable devices, as fast charging powering sources. 
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Figures 

 

Figure 1. Schematic illustration of the LIFT printing process for fabricating the 

graphene/nickel electrodes. (a) The crystalline structure of face center cubic phase 

nickel, with the face (111) highlighted. (b) The molecule structure of mono layer 

graphene. (c) The lattice matching of the Basel plane graphene onto face (111) of nickel.   

(d) A pristine nickel foam is placed below the polyimide as the first layer. (e) Initial 

deposition of graphene onto the nickel foam becomes the first layer. (f) Post laser 

treatment of the first graphene layer ensures its firm contact to the nickel foam. (g) The 

second scribing deposits the graphene onto the second layer nickel foam. (h) A laser 

scribing post treats the second layers of graphene. (i) For printing more layers, similar 

steps will be repeated. 
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Figure 2. Electron microscopy images of the LIFT printed electrodes. SEM images of 

the pristine nickel form show a smooth surface in zoom-out (a) and zoom-in (b) view. 

As-printed graphene flakes distribute on the nickel foam in zoom-out (c) and zoom-in 

(d) view. Post treated graphene distribute randomly on the nick foam in zoom-out (e) 

and zoom-in (f) view. TEM images of the treated graphene (g) and its magnification 

view (h).  
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Figure 3. Spectra analysis of the LIFT printed graphene. (a) Raman spectra of the as-

printed and treated graphene. (b) XPS spectra of the as-printed and treated graphene. 

(c) XPS O1s spectra of the as-printed and treated graphene. 
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Figure 4. Electrochemical characterization of the assembled 3D printed supercapacitor 

devices. (a) The measured cyclic voltammetry curves of the LIFT printed 

graphene/nickel electrodes, with different layers of 3D printing. (b) The EIS slop of the 

LIFT printed graphene/nickel electrodes, with different layers of 3D printing. (c) The 

galvanostatic charge/discharge curves of the LIFT printed graphene/nickel electrodes 

at 1 mA/cm2, with different layers of 3D printing. (d) Comparison of specific 
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capacitances with different layers of LIFT printed graphene/nickel electrodes. (e) 

Ragone plot of the areal energy and power densities of the LIFT printed supercapacitor 

with different layers of number, compared to the reference32. (f) Capacitance retention 

under repeated cycling at a current density of 1 mA/cm2 for 10,000 cycles and the 

corresponding GCD plots at 10,000 cycles (inset). 
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Figure 5 A supercapacitor connected with a DC-DC converter. The frontal (a) and side 

view (b) schematic illustration of the PWM DC-DC converter with a supercapacitor 

and USB connector. (c) The photo of a USB multimeter measuring the output voltage 

of supercapacitor powered USB charger. (d) The relationship of USB output voltage 

according to different input voltages from the supercapacitor.  
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