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Abstract 

Micro-supercapacitors (MSCs) represent a pressing requirement for powering the 

forthcoming generation of micro-electronic devices. The simultaneous realization of high-

efficiency synthesis of electrode materials and precision patterning for MSCs in a single step 

presents an ardent need, yet it poses a formidable challenge. Herein, a unique shaped laser-

induced patterned electron synchronization excitation strategy has been put forward to 

photochemical synthesis RuO2/rGO electrode and simultaneously manufacture the micron-

scale high-performance MSCs with ultra-high resolution. Significantly, our technique 

represents a noteworthy advancement over traditional laser direct writing (LDW) patterning 

and photoinduced synthetic electrode methods. It not only improves the processing efficiency 

for MSCs and the controllability of laser-induced electrode material but also enhances electric 

fields and potentials at the interface for better electrochemical performance. The resultant 

MSCs exhibited excellent area and volumetric capacitance (516 mF cm−2 and 1720 F cm−3), 

and ultrahigh energy density (0.41 Wh cm-3) and well-cycle stability (retaining 95% capacitance 

after 12,000 cycles). This investigation establishes a novel avenue for electrode design and 

underscores substantial potential in the fabrication of diverse microelectronic devices. 
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1. Introduction 

The rapid proliferation of micro portable electronic devices has brought increased 

prominence to micro energy storage devices.1-3 While diminutive lithium-ion batteries are 

presently the prevailing choice, their restricted power density renders them insufficient for 

diverse practical applications. Conversely, conventional capacitors offer elevated power density 

but exhibit limited energy density. Micro-supercapacitors (MSCs) represent an intermediate 

energy storage solution between micro batteries and conventional capacitors. MSCs offer 

heightened energy density compared to traditional capacitors, superior power density when 

compared to batteries, and demonstrate exceptional cycle life exceeding 105 cycles, while also 

facilitating ultra-fast charging and discharging processes.4-6 In terms of their energy storage 

mechanisms, MSCs are categorized into two primary classes: electrical double layer capacitors 

(EDLCs) and pseudocapacitors. EDLCs store and release charge via ion adsorption and 

desorption at the electrode surface, a process contingent on the high specific surface area of the 

active material, exemplified by materials like activated carbon and graphene. In contrast, 

pseudocapacitors rely on reversible Faraday reactions within pseudocapacitive electrode 

materials, thus affording them higher energy density potential. However, the limited stability of 

pseudocapacitive materials across charge/discharge cycles can undermine their cycle life. This 

degradation results from the structural integrity and electrochemical behavior of the 

pseudocapacitive material being compromised during the charging and discharging processes, 

thereby impinging upon the lifetime of pseudocapacitors.7-9  

In recent times, a multitude of studies have focused on amalgamating pseudocapacitive 

materials with double-layer materials to fabricate composite electrodes, thereby realizing high-

performance energy storage solutions. For instance, research endeavors involving the 

combination of graphene with metal oxides,10-12 metal sulfides,13,14 polymeric materials15,16 and 

more, to form composite electrode materials, have been continuously reported. Graphene, as an 

exceptional two-dimensional material, not only embodies the aforementioned advantages but 

also presents the potential for fabricating flexible energy storage devices due to its exceptional 

mechanical properties. Furthermore, with its exceptionally high theoretical capacitance values, 

prolonged cycle life, and an extensive potential window, ruthenium oxide stands out as one of 

the most auspicious pseudocapacitive materials17-19. Ruthenium oxide endows energy storage 

systems with remarkable capacity via rapid and reversible redox reactions. Meanwhile, two-

dimensional materials serve to maintain robust power densities by acting as efficient conducting 

networks. Additionally, their electrochemical properties contribute to an extended cycle life and 

elevated electrical conductivity.20-22 In light of these attributes, the combination of graphene 
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and RuO2 offers the promise of constituting a well-rounded composite electrode material, 

capable of delivering comprehensive performance across multiple dimensions. 

In addition to the necessity for well-designed electrode materials, it is imperative to 

develop a technology that can realize the synthesis of electrode materials and the fabrication of 

complete MSCs at high resolutions. Currently, several established methods for MSC fabrication, 

including electrodeposition, wet chemical synthesis, and chemical vapor deposition and so 

on.23-27 Nevertheless, for microdevices requiring high resolution, these methods face challenges 

in achieving high-quality patterning and selective control over material synthesis. LDW offers 

distinct advantages as a one-step, straightforward, and efficient method, facilitating the 

patterning of MSC electrodes in various shapes while concurrently synthesizing hybrid 

electrode materials.28-30 However, despite its merits, the direct laser writing approach is 

incapable of fabricating the entire electrode material for MSCs simultaneously. Additionally, its 

precision is constrained by the laser spot size, rendering it insufficient for addressing the 

requirements of high precision and consistency in microelectronic device preparation 

necessitated by the quest for greater efficiency. 

Here, we directly patterned micron-sized and high precision MSCs morphology and 

synthesize reduced graphene oxide (rGO)/RuO2 materials in one step by means of a spatially 

shaped femtosecond laser-induced electron synchronization excitation. Leveraging this 

streamlined technique, the efficiency of fabricating the MSCs has reached over 30,000 within 

a mere 10-minute span. The resultant SSL-induced MSCs are sized within tens of micrometers 

(20×20 μm²). The rGO/RuO2 was successfully prepared by photochemically synthesis the Ru3+ 

in ruthenium chloride to Ru4+ by means of femtosecond laser while removing the oxygens from 

GO. The three-dimensional porous architecture of rGO offers a platform for the immobilization 

of ruthenium oxide nanoparticles, where said nanoparticles become affixed to the nanosheets 

of rGO. These interactions involve oxidative and reductive processes, respectively. During the 

oxygenation and deoxygenation steps, the photoinduced synthesis reactions of the two electrode 

materials synergistically enhance one another. Ruthenium oxide contributes to the high 

capacitance through a rapid and reversible redox reaction, while the mechanical resilience and 

stability of the rGO nanosheets confer an extended cycle life to the manufactured MSCs. The 

rGO/RuO2 MSCs prepared by spatially shaped laser (SSL) has an area capacitance of 516 mF 

cm-2 and a volume capacitance value of 1720 F cm-3. The capacitance retention of the capacitors 

was ~95% after 12,000 charge/discharge circles with different voltage windows, benefiting 

from the stability of rGO as carbon-based electrode material. To substantiate the efficacy of 

employing spatially shaped femtosecond laser technology in the synthesis of electrode materials, 
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we conducted a comparative analysis by employing the femtosecond laser direct writing method 

to fabricate rGO/RuO2 composites. Our findings reveal superior electrochemical performance 

metrics for the electrode materials generated via SSL as opposed to those synthesized using the 

laser direct writing approach. Specifically, the outcomes indicate that laser direct writing leads 

to the inadvertent removal of the graphene layer, a consequence of the movement of the 

Gaussian pulse, concomitantly resulting in the unintentional elimination of RuO2 nanoparticles. 

This SSL approach, conversely, obviates the milling-like phenomenon arising from the motion 

of the laser pulses, rendering it a more efficient and ensuring enhanced surface uniformity when 

juxtaposed with the laser direct writing technique. 

 

2. Results and Discussion 

2.1. Manufactured technology for rGO/RuO2 MSCs 

As shown in Figure 1a, a spatial light modulator (SLM) is used to directly shape the light 

field. The electrode shape was designed to determine the intensity distribution by positioning 

the 256×256-pixel region to a black 1080×1920 background image. Furthermore, the algorithm 

has been fine-tuned using an improved Gerchberg-Saxton algorithm, which involves 

augmenting the number of iterations and employing a distance optimization function to refine 

the arrangement of beam points. Subsequently, the grayscale phase hologram is uploaded onto 

the SLM to manipulate the light field associated with diverse geometric shapes. Supplementary 

Figure 1 illustrates the complete optical pathway of the SSL system. The initial Gaussian laser 

beam undergoes spatial modulation via the SLM, is further guided through two plane-convex 

lenses, and ultimately converges at the 20× objective lens. 

Ultimately, the process culminates in focusing on the sample surface to achieve complete 

pattern manufacturing. Figure 1a provides a visual representation of the traditional LDW 

method, which involves cumulative point-by-point scanning for patterning. It becomes evident 

that SSL technology enables one-step, instantaneous processing of patterned electrode 

structures, allowing for the simultaneous reduction and oxidation of the entire composite 

electrode material. The SSL technology can complete a complete micro supercapacitor pattern 

processing with a single pulse, its processing efficiency can reach 4,000 micro supercapacitors 

per minute, nearly 500 times higher than LDW processing efficiency.  

The chemical equation for the photoinduced synthesis of the composite electrode material 

is also depicted in Figure 1a, with a more detailed illustration available in Supplementary Figure 

2. LDW gradually completes the entire process of patterning and photoinduced electrode 

synthesis through point-to-point superposition and accumulation. In this process, the overlap of 
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focused light spots between the front and back can lead to the subsequent pulse erasing a portion 

of the electrode material created by the preceding pulse. 

In contrast, SSL technology adeptly circumvents these issues by simultaneously achieving 

pattern processing across time and space dimensions. Supplementary Figure 3 features an 

animation illustrating the patterned MSCs processing using both SSL and LDW, offering an 

intuitive portrayal of SSL's efficient one-step patterning capability. Even when the LDW 

method is limited to processing relatively simple patterns (such as straight shapes), it 

substantially lags behind SSL technology when it comes to processing complex patterns. 

Supplementary Figure 4 further highlights the distinctions between traditional Gaussian laser 

point-by-point scanning and SSL projection processing in the induction of materials. 

 

Figure 1. LDW scanning and SSL excitation of MSCs and the surface morphology of 

photoinduced composite electrode. (a) The schematic diagram of SSF and LDW processing of 
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MSCs. (b) The characterization of rGO/RuO2 by Laser Direct Writing (rGO/RuO2–LDW). (c) 

Low and high (d) magnification SEM images of rGO/RuO2-LDW. (e) The electron excitation 

mechanism of LDW regulating materials. (f) The characterization of rGO/RuO2 by SSL 

(rGO/RuO2–SSL). (g) Low and (h) high magnification SEM images of rGO/RuO2-SSL. (i) The 

electron excitation mechanism of SSL regulating materials. 

The rGO/RuO2 patterned MSCs prepared by LDW method (rGO/RuO2-LDW) and the SSL 

(rGO/RuO2-SSL) are shown in Figure 1 b-i. The characterization in Figure 1b and f show that 

two strategies can both produce a well-formed MSCs patterns. The dimensions of the entire 

electrode assembly do not exceed 20×20 μm2, allowing for the realization of exceptionally high-

precision micro and nano processing. Nonetheless, our SSL technology offers the capability to 

produce larger microelectrodes by adjusting the size of the designed optical field and 

broadening the beam. Supplementary Figure 5 presents a spectrum of patterned electrodes of 

varied sizes, all fabricated through the SSL single-pulse one-step method, encompassing 

rGO/RuO2 electrode dimensions ranging from 15×15 μm2 to 300×300 μm2. Furthermore, the 

SSL technology can be adeptly employed for the patterning of electrodes in diverse shapes. By 

means of customized light field shaping and control, personalized electrode patterns can be 

meticulously created, as depicted in Supplementary Figure 6, which showcases an array of 

distinct shapes for rGO/RuO2 electrode patterns fashioned using SSL technology. 

Supplementary Figure 7 shows scanning electron microscope (SEM) images of the surface of 

the material after laser patterned processing and raw processing. The laser-induced micro-nano 

porous structure of the surface can be clearly found. The surface structures of rGO/RuO2-LDW 

and rGO/RuO2-SSL are shown in Figure 1c and g. The surface structure of the rGO/RuO2-LDW 

shows irregular surface lamellar protrusions, while the surface structure of rGO/RuO2-SSL has 

a groove-like structure and holes, which increases the surface area and facilitates the penetration 

and transport of electrolyte. The production of RuO2 nanoparticles during SSL processing can 

be observed in Supplementary Figure 8. Through the locally enlarged SEM image, we can 

measure the diameter of these nanoparticles between 3 and 5 nanometers. These nanoparticles 

are distributed on the surface of the layered nanostructure, which adds more active sites to the 

composite and increases its specific surface area. In order to further investigate the differences 

between the LDW and SSL, microscopic characterization of rGO/RuO2 under different laser 

pulse energy processed by both methods are shown in Supplementary Figure 9. Supplementary 

Figure 9a indicates the surface structure of rGO/RuO2-LDW under different laser pulse energy. 

It can be seen that the surface of rGO/RuO2-LDW is an irregular lamellar structure with a small 

number of ruthenium oxide nanoparticles. With an elevation in laser pulse energy, there is a 
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discernible escalation in the surface lamellar structures. However, simultaneously, the 

dimensions of these lamellae exhibit a reduction. Furthermore, as the laser pulse energy is raised, 

there is an observed proliferation in the surface pores of rGO/RuO2-LDW. This suggests that 

the augmented laser pulse energy results in the deterioration of the reduced graphene oxide 

sheets on the surface and consequent removal of the electrode material. Supplementary Figure 

9b shows the surface structure of rGO/RuO2-SSL at different laser pulse energy. In contrast to 

rGO/RuO2-LDW, the surface structure of rGO/RuO2-SSL exhibits a distinctive gully-like 

configuration. At lower laser pulse energy levels, the surface of rGO/RuO2-SSL remains 

relatively smooth, with minimal protrusions and a scarcity of ruthenium oxide nanoparticles. 

As the laser pulse energy is incrementally raised, the groove-like protrusions become more 

pronounced, and an increased quantity of nanoparticles becomes evident, firmly adhering to the 

surface of rGO sheets. Elevating the laser pulse energy leads to the formation of deeper laser 

ablation pits on the surface, yet concurrently, the nanoparticles surrounding these pits are 

removed as a consequence of rGO sheet removal. 

Consequently, we tentatively conclude that the rGO/RuO2-SSL has an excellent 

conforming surface structure, due to the advantages of the spatially shaped femtosecond laser 

to fabricate the entire micro-supercapacitor in one step. The SSL is also able to avoid the 

milling-like phenomenon of rGO/RuO2 caused by the movement of the laser pulses in the laser 

direct writing method. Supplementary Figure 10 shows the pattern of the composite rGO hybrid 

electrode induced by SSL. The apparent distribution of Ru, O and C elements can be seen, 

which proves the synthesis of the composite electrode material during the processing. As 

depicted in Figure 1e, in the case of LDW, the laser spot scans points by point, sequentially 

interacting with the material over time. At any given moment, only a single point experiences 

instantaneous electron excitation. In contrast, with the SSL technology (as illustrated in Figure 

1i), the entire pattern is instantaneously subjected to electron excitation. This variance in the 

number of excited electrons at any given moment directly influences material modification and, 

consequently, the subsequent charge and ion conduction processes. 

 

2.2 Mechanism and characterization of laser-induced synthesis of rGO/RuO2. 

The femtosecond (10-15 second) laser we use in our experiments is an ultra-fast laser with 

a pulse width of femtosecond magnitude. In this process, photons transfer energy to electrons, 

whose heating promotes interband transitions, leading to collision ionization and avalanche 

ionization. Since the time scale of a material's phase transition is about nanoseconds (10-9 

second), femtosecond lasers can control the reduction and modification of materials by 
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adjusting the electron density prior to the phase transition.31-33 In Figure 2a, the diagram 

illustrates the progression and specific stages of photoinduced material synthesis, denoting the 

associated time scales. When the femtosecond laser reaches the surface of the material, the 

excited free-moving electrons become active for (10-15~10-12s), causing further absorption of 

energy and inducing lattice changes. In our work, this process is embodied in the photochemical 

reduction of graphene oxide, a process in which oxygen is lost, accompanied by ionization of 

electrons. Then Ru3+ in the material will absorb oxygen and oxidize under the action of electron 

and photoinduced energy to form a new oxide. The two reactions happen to promote each other, 

so a new mixture (rGO/RuO2) is created, along with the evaporation of excess gas and water 

vapor.  

The enormous instantaneous power of SSL can disrupt carbon-oxygen chemical bonds, 

thereby reducing GO to rGO. Simultaneously, SSL provides a substantial number of excited 

photons, creating free-moving electrons and holes. Under their influence, the electron transfer 

process is intensified. With an increase in laser energy, the resulting thermal effects also 

promote further reduction of GO to rGO. At the same time, the electrons of Ru3+ undergo a 

transition from the ground state to a highly excited state. In this highly excited state, Ru3+ 

possess sufficient energy to react with the surrounding oxygen. Due to its higher oxidation 

potential, Ru3+ can utilize anchoring points provided by graphene oxide for oxidation, 

converting Ru3+ from a lower oxidation state to RuO2. 
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Figure 2. The laser-induced synthesis mechanism and characterization of composite electrode 

materials. (a) The schematic of the resultant morphology changes and phase transformation by 

SSL under the proposed photochemical routes. (b-e) TEM images of rGO/RuO2–SSL under 

different magnifications illustrating that the RuO2 nanoparticles are wrapped by rGO sheets. (f) 

X-ray diffraction (XRD) patterns of the composite material. (g) Raman spectra of the composite 

materials.  

Figure 2b-e show TEM images of rGO/RuO2 –SSL under different magnifications. In 

Figure 2b, the two-dimensional layered structure is distinctly visible along the edges, with 

elliptical nanoparticles of different materials observed on this layered structure. The average 

size of the RuO2 nanoparticles in Figure 2c is 3~5 nm. The spacing of the nanoparticles 

measured in Figure 2d and e is 0.20 nm, which is consistent with the <210> d-spacing of RuO2 

nanoparticles. Therefore, the spatially shaped femtosecond laser method can successfully obtain 

reduced graphene oxide lamellae attached to RuO2 nanoparticles.34,35 The rGO lamellae can 

provide attachment sites for RuO2 nanoparticles, providing good mechanical properties and 
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ensuring the structural stability of the composite. The ripple-like wrinkled structure of graphene 

can improve the electrochemical performance of devices50, and the lattice space of 0.31 nm 

(Figure 2e) corresponds to the distance between two neighboring (002) planes in graphitic 

materials. The rGO flakes have a high specific surface area, ensuring excellent ion transport 

and allowing the RuO2 nanoparticles as electrode to be in full contact with the electrolyte, thus 

obtaining excellent capacitive. Supplementary Figure 11 shows the TEM-EDS elemental 

mapping of rGO/RuO2-SSL sample with the elemental distribution of C, O, and Ru. The X-ray 

diffraction (XRD) patterns of the as-prepared rGO/RuO2-SSL nanocomposite and original 

GO/RuCl3 are presented in Figure 2f. The peak of GO at 2θ =11.2° corresponds to the (001) 

reflection in GO/RuCl3. The presence of RuO2 in the composites is confirmed by the 

characteristic diffraction peaks of the RuO2 (110), (101) and (211) planes at 2θ values of around 

28.2, 34.6, 53.7, respectively, (JCPDS 40-1290, 43-1027).36,37 The Raman spectra of the 

rGO/RuO2-SSL, rGO-SSL, rGO/RuO2-LDW, rGO-LDW and GO/RuCl3 materials are shown 

in Figure 2g. The initial materials has a wide band at 1350 cm-1 of D-band and 1588 cm-1 of G-

band respectively, while the rGO reduced by femtosecond laser had two peaks at the same 

position with the nearly same height, which was consistent with the previous research. The ratio 

of intensity at D-band relative to intensity at G-band, ID/IG, was shown in the figure. The 

change in the intensity of the two peaks can account for the transformation of the untreated GO 

surface from the sp3 conformation characteristic to the sp2 geometry characteristic of graphene-

like structure. According to the Raman spectra range of 450–800 cm–1, rGO/RuO2-SSL and 

rGO/RuO2-LDW composites exhibited two peaks located at 525 and 637 cm−1 related to the Eg 

mode and A1g mode group vibrations of RuO2.
38,39 A partial magnification of this Raman 

spectra can be seen in supplementary Figure 12. Supplementary Figure 13 shows the ID/IG of 

rGO/RuO2-SSL and rGO/RuO2-LDW at different laser pulse energy. The D and G peak 

positions of rGO/RuO2-SSL exhibit a discernible blue shift when compared to those of 

rGO/RuO2-LDW, which suggests the nanopores in rGO/RuO2-SSL influences the vibrational 

modes of molecules. This porous structure tends to cause some defects due to its multi-interface 

surface and high-energy sites, which can increase the ion diffusion rate and furnishing more 

active sites for chemical reactions in electrochemical energy storage. The ID/IG ratio was 

highest, reaching 0.93, when the laser pulse energy of SSL was 60 μW. 
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Figure 3. The X-ray photoelectron spectroscopy (XPS) spectra of C 1s, Ru 3p and O 1s. (a) 

The high-resolution XPS spectra rGO/RuO2-SSL and (b) rGO/RuO2-LDW materials under 

different laser pulse energy. 

The XPS spectra of rGO/RuO2–SSL and rGO/RuO2–LDW at different laser pulse energy 

are shown in Figure 3. The XPS spectra of C 1s, Ru 3p and O 1s of the original GO/RuCl3 film 

is shown in Supplementary Figure 14. In the process of laser induced GO/RuCl3 photochemical 

reaction, the laser pulse energy will be affected. We synthesized rGO/RuO2 electrodes by using 

a stepped-up laser energy (30-75 μw), and characterized both rGO/RuO2-SSL and rGO/RuO2-

LDW XPS spectra. By fitting the spectra of rGO as well as RuO2, it’s possible to find out 

whether the oxygens on the surface of graphene oxide are removed and the Ru3+ in ruthenium 

chloride is oxidised to Ru4+ in RuO2. Figures 3a and 3b indicate the photoemission peaks of the 

Ru4+ 3p3/2 and 3p1/2 at 484.8 eV and 462.6 eV respectively, while the photoemission peaks of 

the Ru3+ 3p3/2 and 3p1/2 are at 486.3 eV and 464.1 eV respectively (the 3p spin-orbit splitting 

is 22.2 eV). A distinct C 1s peak is observed at 284.8 eV, where the 3d peaks of Ru are also 

present. Besides, the Ru 3d5/2 photoemission peaks are observed at 280.7eV and 282.2 eV, 

corresponding to +4 and +3 Ru cations, respectively. The highest peak corresponds to C1s peak 

at 284.8 eV, and there are C-O at 286.7 eV and C=O at 288.9 eV, corresponding to GO.40-42 The 

peak at 529.7 eV with was ascribed to Ru-O-Ru and other two peaks at 531.2 eV and 532.3 eV 

were resulted from Ru-OH and the C-O. As can be seen in Figure 3, with the intensity of the 

C-O and C=O peaks decreasing as the laser pulse energy increases, and the oxygens groups on 

the graphene oxide surface are further removed. Compared to the rGO/RuO2–LDW, the 
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intensity of the C-O and C=O peaks are weaker in the rGO/RuO2–SSL.  

The table summarizes the XPS data for the C 1s, O 1s and Ru 3p peaks in Figure 3. From 

the data in the Table, it presents the characteristic peaks and corresponding percentages of C 1s, 

O 1s, Ru3+, and Ru4+. In our original material GO/RuCl3, the ratio of Ru3+ is high, while the 

ratio of C/O is close to 2:1. As the laser REDOX the original material, the proportions of the 

elements change. When the laser energy increases gradually, the proportion of Ru4+ increases 

gradually, while the proportion of Ru3+ decreases gradually, suggesting the generation of RuO2. 

When the energy of SSL and LDW reaches 60 μW and 75 μW, the ratio of Ru4+ decreases.  

Our analysis indicates that the substantial laser energy employed leads to the direct 

removal of the laser-induced modified material. As a result, the analyzed material represents a 

composite product consisting of the original material and a portion of the laser-induced material. 

We analyzed that under this laser parameter, SSL has the best oxidation effect on RuCl3 and the 

highest RuO2 content. Additionally, the proportion of tetravalent ruthenium in rGO/RuO2-SSL 

significantly surpasses that in rGO/RuO2-LDW. This observation suggests that the SSL 

technology can circumvent material removal issues arising from the Gaussian laser spot 

movement encountered in LDW method, thus ensuring the consistency of the rGO/RuO2 

material. 

Furthermore, a detailed analysis of the C/O ratios in the laser-induced products was 

conducted. The C/O ratio serves as an indicator of the extent of graphene reduction. The oxygen 

component in the analysis encompasses oxygen associated with RuO2 and graphene due to the 

formation of metal oxides during the laser-induced synthesis of the material. By calculating the 

oxygen ratio in different components based on the RuO2 content, we were able to determine the 

C/O ratio, offering insight into the degree of graphene reduction. When the laser energy of SSL 

is 60 μW, the resulting graphene has the C/O ratio of 35.04, which is much higher than the C/O 

ratio of LDW processed graphene. The C/O ratio of SSL-induced reduced graphene was 17.5 

times higher than that of the original GO material, which fully demonstrated the outstanding 

reduction capability of SSL technology for GO.  

Table 1. Summary of the XPS for GO/RuCl3 and rGO/RuO2 induced by SSL and LDW. 

Material 
Laser pulse 

energy (μW) 
C 1s  

O 1s 

Ru3+ 3p Ru4+ 3p O 1s (associated 

with graphene) 

O 1s (associated 

with RuO2) 

GO/RuCl3 - 60.45% 27.58% 0.86% 11.54% 0.43% 
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rGO/RuO2 

–SSL 

a-30 65.78% 21.81% 1.56% 10.07% 0.78% 

a-45 73.79% 10.70% 7.98% 3.54% 3.99% 

a-60 75.34% 2.15% 14.14% 1.30% 7.07% 

a-75 62.57% 23.82% 5.80% 4.91% 2.90% 

rGO/RuO2 

–LDW 

b-30 70.12% 9.78% 10.30% 4.65% 5.15% 

b-45 73.23% 6.19% 11.38% 3.51% 5.69% 

b-60 74.68% 4.54% 11.9% 2.93% 5.95% 

b-75 61.09% 16.59% 9.52% 8.04% 4.76% 

 

To delve deeper into the disparities between LDW and SSL with regard to laser processing 

and the synthesis of composite electrode materials, the processing was meticulously scrutinized 

using pump-probe technology. As shown in Figure 4a, SSL and LDW are observed with a 

processing light and a probe light, in which the pulse flux is both 0.3 J cm-2. Figure 4b and c 

show the morphology of SSL and LDW ablation on the sample surface. The processing area of 

SSL is significantly larger than that of LDW. Figure 4d-g shows the observation of SSL and 

LDW laser processing under different pulse delays. It can be seen from the figure that SSL can 

be significantly observed, while LDW needs to be barely observed with a time delay of 100 ps. 

This observation underscores the disparities in plasma eruption intensity resulting from the 

interaction of materials with different lasers. It directly underscores that, under identical 

conditions, the processing efficacy of SSL is markedly superior to that of LDW. 

Figure 4h and i is the simulation diagram of the electric field and potential when LDW and 

SSL are processed as patterned electrode materials by COMSOL software. We can clearly see 

that the electric field intensity at the end of point-by-point processing (upper right) is much 

larger than that in other positions, indicating the electric field of the laser focused region is 

active and the intensity of the electric field declines gradually in other regions. The electric field 

intensity in SSL is strong and uniform. The same goes for the strength of the electric potential. 

Figure 4j and k respectively show that the electric field and potential of patterned materials 

processed by LDW and SSL change with time. We can see that the intensity and growth rate of 

electric field and potential of patterned materials processed by SSL are significantly higher than 

that of patterned materials processed by LDW. This further indicates that SSL synchronous 

excitation electrons have higher potential and electric field intensity. Electrode materials 



  

14 

 

possessing higher electric fields and potentials exhibit a stronger electrostatic attraction to 

charges and enhanced electrical conductivity. These attributes can be improved by modulating 

the electronic structure and inducing electronic/ion transfer at the electrode-electrolyte interface, 

thereby enhancing the charge transfer capabilities of the electrode material. This, in turn, 

facilitates charge diffusion and insertion, while reducing internal resistance, thereby enhancing 

electrochemical performance. Moreover, the increased capacity to adsorb a greater quantity of 

charge results in heightened energy density. Higher electric field intensities serve to expedite 

the adsorption and release of charges, consequently elevating the rate of charge and discharge, 

thereby achieving an enhancement in power density

 

Figure 4. The results of pump probe and the simulation of the electric field and potential during 

SSL and LDW processing. (a) The schematic of pump probe by SSL and LDW ablation. (b) 

Optical image of the final structure during LDW processing. (c) Optical image of the final 

structure during SSL processing. (d)-(g) 2D mapping of the transient reflectivity at 1 ps and 100 

ps delay times under irradiation of LDW and SSL. (h) and (i) The electric field and potential of 

LDW and SSF via COMSOL simulation. (j) The electric field   varies with time during SSL 

and LDW processing. (k) The potential varies with time during SSL and LDW processing. 
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2.3 Electrochemical performance of MSCs with different electrode materials via SSL 

and LDW 

As discussed previously, different laser pulse energies are designed to pattern and 

synthesize the mixed materials. According to the results of characterization test, it can be found 

that the photoinduced composites are different under different laser parameters. Therefore, the 

electrochemical properties of MSCs obtained under different laser pulse energies were tested. 

We varied the laser power (30-75 μW) of the SSL and LDW to investigate differences in 

conductivity of rGO/RuO2-SSL and rGO/RuO2-LDW electrodes. The resistance and 

conductivity of the material reached their minimum and maximum, respectively, when the laser 

power was 60 μW (Supplementary Figure 15). And we also find that the conductivity of 

rGO/RuO2-SSL is always ahead of that of rGO/RuO2-LDW. As shown in Supplementary Figure 

16a, different Cyclic voltammograms curves (CVs) can directly reflect the difference in 

capacitance performance. Supplementary Figure 16b summarizes the areal capacitance 

obtained according to the CV diagrams. It can be concluded that the electrochemical 

performance is the highest when the laser pulse energy is 60 μW. In subsequent tests, we also 

selected the optimal parameters for detailed electrochemical tests. 

 

Figure 5. Electrochemical performances of different MSCs via SSL and LDW. (a) Cyclic 

voltammograms curves of rGO-SSL, rGO/RuO2-SSL, rGO-LDW and rGO/RuO2-LDW MSCs 

at a scan rate of 5 mV/s. (b) GCD cycle diagram of the different MSCs mentioned above at a 

current density of 6 mA cm-2. (c) Electrochemical performance of electrode materials calculated 

from previous CV and GCD cycle diagrams (d) The areal capacitance of the rGO/RuO2-SSL, 
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rGO-SSL, rGO/RuO2-LDW and rGO-LDW MSCs calculated from CV curves under various 

scan rates. (e) Nyquist plots of the rGO/RuO2-SSL, rGO-SSL, rGO/RuO2-LDW and rGO-LDW 

MSCs. (f) Bode plots of the different MSCs. 

 After the preparation of rGO MSCs and rGO/RuO2 MSCs via SSL and LDW, we focused 

on the electrochemical performance of the different electrode with 1 M Na2SO4 as the 

electrolyte. The charge storage behaviors of the electrodes were studied by CV and 

galvanostatic charge-discharge (GCD). Figure 5a shows the CV curves of rGO-SSL, 

rGO/RuO2-SSL, rGO/RuO2-LDW and rGO-LDW MSCs at a scan rate of 5 mV s-1. It can be 

seen from the CV curves that the capacitance of the rGO/RuO2-SSL MSC is significantly higher 

than that of the other MSCs. The nearly equilateral triangular like GCD curves at the current 

density of 6 mA cm-2 (Figure 5b). Figure 5c further demonstrate that the rGO/RuO2-SSL MSC 

have excellent electrochemical performance compared with other MSCs. Figure 5d shows the 

areal capacitance of the MSCs calculated from CV curves under various scan rates, 

demonstrating the superior capacitance of the rGO/RuO2-SSL MSC. The CV curves of 

rGO/RuO2-SSL, rGO-SSL, rGO/RuO2-LDW and rGO-LDW at scan rates ranging from 10 to 

1000 mV/s are shown in Supplementary Figure 17. The reason why the capacitance 

performance of the rGO/RuO2-LDW MSC is much smaller than that of the rGO/RuO2-SSL 

MSC is that the RuO2 as pseudocapacitive material, has a significantly higher capacitance than 

that of EDLC materials such as graphene. In contrast, the rGO/RuO2-LDW MSC contains less 

RuO2 nanoparticles due to the removal of rGO sheets by laser direct writing, thus the 

electrochemical performance is mainly dependent on the properties of rGO. As a conclusion, 

the SSL method ensures the consistency of the material and preserves the nanoporous structure 

of the reduced graphene oxide, which shortens the diffusion path of the electrolyte ions and 

facilitates fast ion transfer of charging/discharging process the good porous structure increases 

the contact area with the electrolyte, allowing the electrode materials to be fully exploited. 

Finally, the microns size of the MSCs prepared by SSL allows the electrolyte ions to transfer 

rapidly between electrodes, reducing the internal resistance and allowing the MSC to 

accomplish energy storage fleetly. The depiction in Figure 5e illustrates the equivalent circuit 

model, comprising capacitance elements CPE1 and CPE2, the interfacial charge-transfer 

resistance (Rct), and the bulk resistance (Rs). The Nyquist plots in Figure 5e of rGO/RuO2-SSL, 

rGO/RuO2-LDW, rGO-SSL, rGO-LDW MSCs exhibit distinct high-, mid-, and low-frequency 

regions, corresponding to electro-transfer-limited, diffusion-limited, and capacitive processes, 

respectively. The ESR encompasses the intrinsic electrode resistance, contact resistance with 

the current collector, and electrolyte resistance. The curve of rGO/RuO2-SSL MSC shows an 
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almost vertical slope in the high frequency range compared to other MSCs, which indicates that 

the rGO/RuO2-SSL MSC has desirable electrochemical properties. Due to the redox reaction 

between RuO2 electrode material and electrolyte, a very small semicircle can be observed in 

the Nyquist plots. It is noteworthy that the Rs of the rGO/RuO2-SSL (25 Ω) is comparatively 

lower when contrasted with those of the rGO/RuO2-LDW, rGO-SSL, and rGO-LDW (38, 47, 

and 52 Ω, respectively). Furthermore, the Rct for rGO/RuO2-SSL, rGO/RuO2-LDW, rGO-SSL, 

and rGO-LDW is notably minimal, registering values of only 12.6, 18.7, 39.3, and 41.7 Ω, 

respectively. 

These results confirm the low charge transfer resistance at the electrode/electrolyte 

interface and the rapid ions transfer in the redox reaction between electrode material and 

electrolyte. As shown in Figure 5f, the characteristic frequencies of the rGO-SSL, rGO/RuO2-

SSL, rGO-LDW and rGO/RuO2-LDW MSCs at −45° are pretty close, around 37,000 Hz, 

corresponding to a time constant (τ0) of about 0.027 ms. This reflects the efficient ion 

transport/electron conductance. The MSCs had excellent capacitive behaviors, the phase angle 

at 120 Hz was measured to be 73.6°, 78.6° ,72.8° and 75.4°, corresponding to rGO-SSL, 

rGO/RuO2-SSL, rGO-LDW and rGO/RuO2-LDW MSCs, respectively. It can be found that 

rGO/RuO2 MSCs are superior to other MSCs in various electrochemical performance indexes. 

In an exploration of Nyquist plots and Bode phase angle representations (as presented in 

Supplementary Figure 18 and 19) for the rGO/RuO2-SSL composite, it becomes evident that 

the charge transfer resistance remains modest even subsequent to 10,000 charge/discharge 

cycles. Furthermore, the extensive duration of cycling tests does not introduce any discernible 

changes in the phase composition. 

 

2.4 High electrochemical performance of rGO/RuO2-SSL MSCs  

After determining the optimal laser processing mode and laser pulse energy in advance, 

the parameters of electrode material thickness were also studied. As illustrated in 

Supplementary Figure 20, which portrays the SEM images of the cross-section of the initial 

GO/RuCl3 hybrid films and the resulting rGO/RuO2 film, we meticulously fabricated mixed 

films of GO/RuCl3 with varying thicknesses. Notably, these films exhibited thickness 

measurements of 1, 2, 3, and 4 microns, respectively, all displaying well-defined layered 

structures that align with the typical structural attributes associated with two-dimensional 

materials. Notably, after undergoing laser processing, there is an observed increase in the film 

thickness. It is well known that under the same conditions, when our electrode material is 

thicker, its measured area ratio will be higher, because there is more accumulation of electrode 



  

18 

 

material per unit area. Therefore, when exploring the most suitable film thickness of our 

electrode material, we should consider both the areal and volumetric capacitance. As shown in 

Supplementary Figure 21a and b, CV curves and GCD profiles of MSCs under different film 

thicknesses were tested, and the areal and volumetric capacitance of MSCs under different 

thicknesses were calculated in Supplementary Figure 21c. In contrast, we found that both the 

areal and volumetric capacitance were superior when the film thickness was 3 microns. 

Therefore, in the subsequent electrochemical test, we choose the electrode material with this 

thickness for the test. 

To further investigate the electrochemical performance of the rGO/RuO2-SSL, we selected 

the optimal parameters from previous results to fabricate MSC. As shown in Figure 6a and 

Supplementary Figure 22, we tested the CV curves of the rGO/RuO2-SSL MSCs at the sacn 

rates from 1~1000 mV s-1 under a voltage window of 1.2 V. Figure 6b shows the areal 

capacitance and volumetric capacitance under different scan rates. We obtained an areal 

capacitance of 516 mF cm-2 and a volumetric capacitance value of 1720 F cm-3 at a scan rate of 

1 mV s-1. Then, capacitance retention experiments were performed on our MSCs to further 

verify the electrochemical properties of the MSCs. The capacitance remained as high as 68.5% 

when the scan rate was increased from 20 to 2000 mV s-1 (Figure 6c). The GCD profiles were 

also obtained in Figure 6d and Supplementary Figure 23 at various current densities (0.5~10 

mA cm-2) under voltage windows of 1.2 V. The areal and volumetric capacitance of the 

rGO/RuO2 MSC was concluded in Figure 6e. Figure 6f shows the capacitance retention of 

rGO/RuO2 MSCs, with high capacitance (95%) retained and efficiency (98%) after 12,000 

cycles, attributed to the stability of rGO as a carbon-based electrode material. Figure 6g and h 

show the CV and GCD curves of a single device, six devices in parallel and six devices in series. 

The MSCs exhibit excellent series and parallel electrochemical performance, capable of 

extending the voltage window up to 7V with six series devices and extending the charge and 

discharge times by a factor of six when connected in parallel. Supplementary Figure 24 and 25 

show the SEM images of six MSCs in series and in parallel and multiple MSCs arrays combined. 

Supplementary Figure R26 provides an illustrative representation of the processing effects 

observed when numerous rGO/RuO2-SSL MSCs are connected in a series configuration. 

Notably, the processing morphology of each individual rGO/RuO2-SSL MSC exhibits a high 

degree of regularity. The depiction presented in Supplementary Figure 27 provides a visual 

representation of rGO/RuO2-SSL MSCs, which is observed to power the light-emitting diode 

(LED) and a miniature calculator. 
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Figure 6. Electrochemical performance of rGO/RuO2-SSL MSCs with optimal performance. 

(a) CV curves of rGO/RuO2-SSL MSCs at various scan rates. (b) The areal capacitance and 

volumetric capacitance under different scan rates. (c) The capacitance remained of the 

rGO/RuO2-SSL MSCs. (d) GCD profiles of rGO/RuO2 MSCs from 0.5 to 3 mA cm−2. (e) The 

areal capacitance and volumetric capacitance under different current densities. (f) The retention 

and efficiency of the MSCs after 12,000 cycles. Inset: the first and last three cycles. (g) CV 

curves of a single device, six devices in parallel and six devices in series. (h) GCD profiles of 

a single device, six devices in parallel and six devices in series. (i) Energy and power densities 

of the rGO/RuO2-SSL MSCs compared with other capacitors. 

According to the energy density equation E= CV2/2, where E represents the energy density 

of the MSC, C represents the capacitance of the MSC and V represents the operating voltage 

window. It is clear from the equation that the voltage window plays an important role in the 

energy storage. Although the electrolytic voltage of water is 1.23 V, the lower concentration of 

hydrogen and hydroxide ions in the neutral electrolyte allows for an increased gas evolution 

voltage. At the same time, the nanostructure of rGO has a large specific surface area and can 

provide an ion diffusion channel for RuO2 nanoparticles attached to the rGO lamella, which is 

conducive to the rapid transport of hydrogen ions. Figure 6i shows energy densities and power 
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densities of the rGO/RuO2 MSCs compared with other supercapacitors. The rGO/RuO2 MSCs 

demonstrate an extremely superior volumetric energy density of 0.41 Wh cm-3 and an excellent 

volumetric power density of 568 W cm-3, much higher than other MSCs presented in previous 

studies.43-51 In order to underscore our superior performance, we have compiled a set of 

analogous works in Supplementary Table 1, wherein we conduct a comparative analysis of 

performance parameters, encompassing capacitance, energy density, and power density. 

Evidently, our results stand at the forefront, underscoring our exceptional performance 

advantage. 

 

3. Conclusion 

In conclusion, our technology presents an expedited, single-step method for the 

preparation of micron-sized supercapacitors. This approach effectively surmounts the hurdles 

associated with material removal and low efficiency encountered in LDW techniques. Moreover, 

it enables in situ photochemical synthesis of composite electrode materials with better 

performance by bringing higher electric field and potential through laser-induced electron 

synchronization excitation. We have provided a comprehensive explanation for the superiority 

of our SSL technique over LDW in terms of both patterning and photochemical synthesis. The 

result SSL-MSCs have extremely high capacitance (516 mF cm−2 and 1720 F cm−3), good cycle 

life (95% after 12,000 cycles) and ultra-high energy density and power density (0.41 Wh cm-3 

and 568 W cm-3). This strategy provides valuable insights for the design of the structural and 

electrode materials of the next generation of MSCs and their integrated applications. 

 

4. Experimental Section 

GO/RuCl3 films preparation. The GO dispersion (2 mg/mL, 50-200nm) was purchased 

from XFNANO, Inc. (Nanjing, China) and the ruthenium chloride powder was purchased from 

InnoChem, Ltd. (Beijing, China). The ruthenium chloride powder (3 mg) was dispersed in 

deionised water (15 mL). The GO dispersion (1.5 mL) was mixed with the RuCl3 aqueous 

solution and sonicated for 2 h. The prepared mixture was filtered under vacuum. The 

nitrocellulose membranes used for vacuum filtration were purchased from Merck Millipore Ltd. 

(Tullagreen, Ireland). Vacuum filtration was carried out for approximately 2 h to obtain mixed 

films of GO/RuCl3, which was then vacuum dried. After dissolving the filtered membrane with 

acetone solution, GO/RuCl3 hybrid membranes were obtained and the films were transferred 

onto Si substrates. 

Laser direct writing process: Ti: sapphire laser system was used to emit femtosecond laser 
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pulses with 35 fs pulse duration, 800 nm wavelength and 1 kHz repetition rate. The femtosecond 

laser beam is focused by a 20×Olympus microscope objective (NA = 0.45) and the laser beam 

scans at a speed of 3000 um/s. 

Spatially shaped laser process: Using a spatial light modulator (Holoeye Pluto, SLM), the 

Gaussian beam can be shaped into an arbitrary pattern of light fields. We transform the designed 

MSC shape into a phase grey scale map with a certain number of pixels. The spatial light 

modulator can load the phase difference distribution and reflect the laser beam out. We used the 

improved Gerchberg–Saxton algorithm to optimise the gray-scale phase holograms. The light 

field transformation for arbitrary geometries is then achieved by loading the phase difference 

distribution onto the SLM. 

Characterization of rGO/RuO2 MSCs: Optical microscopy images were obtained by 

Olympus metallographic microscope. Scanning electron microscope (SEM) images were taken 

by SU8220 (Hitachi, Japan) SEM. Transmission electron microscope (TEM) images were 

collected on JEM-2100 TEM. X-ray photoelectron spectroscopy (XPS) spectra was obtained 

on a PHI Quantera spectrometer (ULVAC-PHI, Japan). The Raman spectra were obtained using 

a Renishaw inVia Reflex spectrometer.  

Electrochemical characterizations of MSCs: Cyclic voltammogram (CV), galvanostatic 

charge-discharge (GCD), and electrochemical impedance spectra (EIS) were measured by 

CHI760D electrochemical workstation, using 1M Na2SO4 electrolyte. The MSCs were 

connected with a Probe Station (MPS-100S) by tungsten probes (tip 1 um) to obtain the 

electrochemical characterizations. The specific capacitance (C) of MSCs were calculated from 

the CV and GCD curves by using Eqs. (1) and (2): 

dVVI
Vi

Vf

V
C )(

1


=


                              (1) 

where I, ϑ, and V represent the current applied, scanning rate, and voltage (Vf and Vi are the 

final voltage and initial voltage).  

   )/( dtdV

I
C

−
=

                                (2) 

The discharge current is represented by I, and the slope of the discharge curve is denoted as 

dV/dt. To assess the cycling stability of the supercapacitors, a series of constant current charge-

discharge cycles were performed at a rate of 1 mA for 15,000 cycles. To calculate the energy 

densities (mWh cm−2) of the supercapacitors, the following equations were employed, where 
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∆E represents the operating voltage window: 

                          
)600,32/(2 = ECE cellcell                           (3) 

where I is the discharge current, and dV/dt is the slope of the discharge curve. Cycling stability 

measurements were performed by repeating constant current charge-discharge at 1 mA for 

15,000 cycles. The energy densities (μWh cm−2) of the supercapacitors were calculated 

according to the following equations: 

                            
tEP cellcell /600,3=
                            (4) 

where t represents the discharge time (t = ∆V/ϑ). 
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TOC 

This work proposes a novel approach for synthesizing and patterning composite electrodes 

using multi-point electron synchronization excitation. It not only significantly enhances the 

processing efficiency for MSCs and the quality of electrode materials but also circumvents the 

influence of electrode morphology during the traditional laser direct writing. This strategy 

leads to the better production of electrode materials exhibiting enhanced electrochemical 

performance and provides a means to achieve better efficiency and quality in the fabrication 

of MSCs. 
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