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Abstract: In the realm of solid-state lithium-ion battery (SLIB) research, anode development remains 

a focal area because the interface between the solid electrolyte and the anode plays a critical role in 

determining battery performance. Among various anode materials, vertically aligned graphene 

nanowalls (GNWs) stand out as a promising candidate due to their extensive surface area, sharp 

exposed edges, and high conductivity. These features give GNWs great potential to enhance the 

efficiency and capacity of solid-state batteries. However, the plasma generated in microwave plasma 

chemical vapor deposition (MWPCVD) equipment chamber exhibits uneven distribution, making it 

challenging to achieve uniform growth of GNWs over a large area. To improve the in-plane uniformity 

during the growth of GNWs, a drive motor was installed beneath the substrate holder, allowing the 

substrate to rotate at a constant speed during the film deposition process, thus enhancing the in-plane 

uniformity of the GNWs. This paper also showed that the charge-discharge properties of SLIBs are 

improved with substrate rotation. Compared with the previously reported method of producing uniform 

microwave plasma through rapid rotation and slow pulsation in a resonant field, this modification of 

the apparatus is simpler. Additionally, the use of a mixed gas can effectively improve the uniformity 

of the in-plane GNW films, providing a viable reference for the mass production of SLIB anode electrodes. 
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1. Introduction 

Over the years, humanity has developed and utilized a variety of energy sources and production 

technologies. In particular, in recent years, there has been a significant increase in research efforts 

toward new clean energy sources, effective energy conversion methods, and energy storage 

technologies, resulting in innovative advancements and breakthroughs in multiple fields of clean 

energy [1–3]. In the development of secondary batteries, lithium-ion batteries (LIBs) have gradually 

replaced lead-acid batteries, nickel-cadmium batteries, and nickel-metal hydride batteries as the 

mainstream in the market due to their high energy density, long cycle life, absence of memory effects, 

and low self-discharge rates [4–7]. Currently, liquid electrolytes dominate the battery technology 

landscape in LIBs because of their high ionic conductivity, broad temperature adaptability, design 

flexibility, and cost-effectiveness. However, liquid lithium-ion batteries also present challenges such 

as electrolyte leakage, poor thermal stability [8–11], environmental sensitivity, and poor cycle 

stability [12–14]. Consequently, the development of all-solid-state lithium-ion batteries, which use 

solid materials as electrolytes, has attracted the attention of researchers. In the development of anodes 

for solid-state lithium-ion batteries, silicon has been a main focus due to its exceptionally high specific 

capacity of 4800 mAh/g. However, the challenges of volume expansion and interface contact issues 

have been significant hurdles. Vertically aligned graphene nanowalls (GNWs) are emerging as a highly 

promising material due to their extensive surface area, sharp exposed edges, and high conductivity, 

which have the potential to address these challenges. 

Current liquid electrolyte lithium-ion batteries predominantly employ graphite as the anode, 

benefiting from its low voltage, low cost, abundance, high energy density, power density, and 

extremely long cycle life. Consequently, in the research of all-solid-state lithium-ion batteries (SLIBs), 

graphite also becomes a primary subject of investigation. However, the theoretical specific capacity of 

graphite is only 372 mAh/g, and because the interface between the solid anode and the solid electrolyte 

only allows lithium-ion transport, the utilization of graphite is relatively lower compared with that of 

liquid electrolytes. Additionally, the formation of cracks at the solid–solid interface after multiple 

charge-discharge cycles impedes ion transport, significantly reducing the battery’s cycle life [15–17]. 

For these reasons, exploring novel forms of carbon as anode materials has become a focal point of our 

research. GNWs decorated with silicon for the anode electrode of liquid lithium-ion batteries have 

been reported to achieve specific capacities that exceed 2000 mAh/g [18]. However, there are almost 

no papers on SLIB using bare GNWs. 

Contrary to graphite, the carbon nanowalls consist of vertically standing nanosheets of graphene, 

hereby termed GNWs with high specific surface area. To obtain high-quality GNWs, we employed the 

microwave plasma chemical vapor deposition (MWPCVD) technique to deposit GNWs. This method 

allows the direct growth of GNWs on various substrates, including insulators, semiconductors, and 

metallic conductors [19–22]. However, because of the non-uniformity of the plasma during production, 

MWPCVD often results in insufficient in-plane uniformity of the films, which impacts the 

performance of SLIBs using GNWs as anodes, especially in terms of consistency in large-scale 

production [23–26]. There are reports that using a rapidly rotating resonant field and slow pulsation to 

produce a uniform microwave plasma can improve the uniformity in the plane of the deposited films 

and increase the film formation area [27–30]. However, this method requires significant modifications 

to the equipment and, to date, discharge test data using only a single gas are available. Whether the 

same effects can be achieved using mixed gases still requires further verification. 
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In this study, we innovatively adopted the method of using a rotating substrate holder, which 

allows for uniform film formation by adjusting the substrate’s rotation without altering the current 

state of the plasma. This approach is simple in terms of modification, low in material costs, and easy 

to control operationally. Experiments have demonstrated that this method can achieve high in-plane 

uniformity during the large-scale preparation of GNWs films, and the morphological features of the 

GNWs are also significantly enhanced with substrate rotation. Moreover, we successfully produced a 

solid-state lithium-ion battery with an anode-specific capacity reaching up to 15.6 μAh/cm2. This 

confirms that our method can effectively enhance the in-plane uniformity of GNWs while significantly 

improving their morphological features, facilitating better integration with the solid electrolyte. This 

research, with limited modifications to existing equipment, effectively improves the quality of GNWs 

and also reduces the manufacturing costs per unit. This paves the way for transitioning the development 

of GNW anodes for solid-state lithium-ion batteries from research and development to mass production. 

2. Materials and methods 

2.1. Equipment description 

The MWPCVD equipment used in this study is illustrated in Figure 1 and consists of the following 

components: 

 

Figure 1. Schematic of the MWPCVD equipment. 

Magnetron: generates 2.45 GHz microwave radiation. 

Waveguide: guides the microwave radiation to the quartz plate. 

Slot antenna: filters out unwanted harmonics and delivers the 2.45 GHz microwave radiation to 

the quartz plate. 

Coupling adjustment knob: Adjusts the wave shape within the waveguide to ensure smooth 

transmission of microwaves through the slot antenna and into the quartz plate. 
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Quartz plate: allows microwave radiation to enter from its surface and undergoes total internal 

reflection inside, forming surface waves on the lower surface. 

Gas inlet port: used to introduce precursor and carrier gases into the reaction chamber. 

Rotatable stage: rotate with the sample. 

Drive motor: drive the stage to rotate at a certain speed. 

Vacuum pump: reduces impurities in the reaction chamber and maintains a low-pressure 

environment during the deposition process. 

The equipment utilized in this study is an MWPCVD system collaboratively developed by C’s 

Techno Inc., Chubu University, and Shinko Seiki Co. 

2.2. Experimental conditions for GNWs 

The GNW growth experiments were conducted under the following conditions: acetylene, 

hydrogen, and argon gases were used with flow rates of 5, 3, and 3 sccm, respectively, each with a 

purity of 99.999%. During the experiments, the substrate temperature was set at 500 °C, and the 

pressure in the reaction chamber was maintained at 8 Pa. The substrate material used was 304 stainless 

steel, and the growth duration was 10 min. This study involved two trials: in the first, the substrate 

holder remained stationary; in the second trial, the substrate holder rotated uniformly at a speed of 45 s 

per rotation. In these two trials, we prepared two GNW samples on 5 cm  5 cm SUS substrates. 

2.3. Fabrication and evaluation of solid-state lithium-ion battery 

The solid-state electrolyte layer and the positive electrode layer were fabricated by radio 

frequency (RF) sputtering. A mixture of argon and nitrogen gases was employed as the sputtering gas 

at the anode. Li3PO3 was used as the target material for the electrolyte layer, with a 100W RF power 

source applied over a duration of 12 h for sputtering the electrolyte layer. Subsequently, LiMn2O4 was 

utilized as the cathode target material, with argon gas serving as the discharge gas. The cathode was 

sputtered using a 100 W RF power source for 6 h. Finally, a top layer consisting of a 1 cm2 gold film 

was deposited to serve as the battery’s current collector. The solid-state lithium-ion batteries were 

evaluated by cross-sectional scanning electron microscope (SEM) and charge-discharge properties. 

3. Results and discussion 

3.1. Optical and Raman spectroscopic analysis 

Well after the GNWs growth, the chamber was cooled down to room temperature, and the GNW 

samples on the steel use stainless (SUS) substrate were photographed using a camera. A noticeable 

difference in color between the two specimens was observed. 

Figure 2a,b represent the photographic images of the two samples of GNW that were grown 

without and with the stage rotation, respectively. From the two photographs, it is evident that there is 

a significant difference in the fiber optic reflection on the surfaces of the two samples. The GNWs on 

the sample from the stationary substrate holder caused light to scatter in various directions, resulting 

in a gradient color effect. In the sample from the rotating substrate holder, the reflected light did not 

exhibit noticeable diffraction or interference; therefore, the photograph displayed a uniform and 
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consistent color. Furthermore, we marked the two samples dividing them into nine regions each for 

further analysis of in-plane uniformity of GNWs’ growth without and with the stage rotation as 

indicated in Figure 2. 

 

Figure 2. Photographic images of the samples: (a) without and (b) with rotation of the 

substrate holder rotation (sizes 5 cm  5 cm). 

Figure 3a,b show the Raman spectra around the nine different regions as indicated in Figure 2 

without and with stage rotation, respectively. The presence of the graphitic (G), defect (D), and 2D 

peaks around 1590, 1345, and 2685 cm−1 confirms the growth of graphitic layers around all regions of 

the two samples. Furthermore, the existence of the hump peak (D1) just right to the G peak around the 

wave number 1620 cm−1 signifies the growth of GNWs throughout the samples. Although there is no 

noticeable difference in the Raman spectra of the two samples, we further measured the peak heights 

of D, G, and 2D peaks of each spectrum of the two samples and plotted the D/G and 2D/G peak ratios. 

Figure 3c shows the D/G peak ratio of the two samples at the nine different regions. It is clear from 

Figure 3c that the reduced and almost constant D/G peak ratios around all nine regions of the rotating 

stage sample indicate the uniformity of GNWs’ growth compared to the non-rotating stage sample. 

Analogous explanation fits for the comparatively uniform 2D/G peak ratios around the nine regions of 

the rotating stage sample in Figure 3d. 
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Figure 3. Raman spectra around the nine regions of the samples as indicated in Figure 2. 

(a) Without and (b) with stage rotations. Comparison of (c) the D/G peak ratio and (d) the 

2D/G peak ratio of the two samples in different regions. 

3.2. Observation of the morphology of GNWs using SEM 

Figure 4 displays the magnified images of GNWs with a stationary substrate holder at different 

positions under the SEM. The images clearly show that the shapes of GNWs vary at each location. In 

particular, cross-sectional scans were performed at positions 1 and 8. The results indicate that the 

GNWs at position 1 are still in the early stages of growth with lower height and have not formed 

vertical walls; at position 8, while the specific shape of the GNWs has formed, the growth density is 

excessively high, which may impede the infiltration of the electrolyte. 
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Figure 4. SEM images of the nine points from the GNWs sample with a stationary 

substrate holder, along with focused ion beam-scanning electron microscopy (FIB-SEM) 

cross-sectional images of points 1 and 8. 

Figure 5 displays SEM images of GNWs prepared at various positions using a rotating substrate 

holder. In the nine positions shown in Figure 5, we can clearly observe the petal-shaped crystalline 

structures of the GNWs. To facilitate comparison with the GNW morphologies at the same positions (1 

and 8) shown in Figure 5, cross-sectional scans were also conducted at positions 1 and 8. The    

cross-sectional images reveal the clear lamellar structure of the GNWs, with a uniform thickness of 

the flakes. This uniformity in flake thickness can enhance the contact area during the infusion of the 

solid electrolyte, potentially improving battery performance. 
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Figure 5. SEM images of the nine points from the GNWs sample with a rotating substrate 

holder, along with FIB-SEM cross-sectional images of points 1 and 8. 

3.3. Discussion on instrumental modification for the in-plane uniformity of GNWs’ growth 

By comparing the FIB-SEM images from Figures 4 and 5, we observe that under the condition 

that the substrate holder does not rotate, there are significant variations in crystallization and height 

among the nine GNW sample points. On the contrary, with the rotation of the substrate holder, the 

changes in crystallinity and height are less pronounced, and the structure of the nanowalls can be 

clearly observed. On the non-rotating substrate holder, most sampling points show GNWs that are still 

in the initial stages of crystallization. This is primarily due to the uneven plasma density inside the 

MWPCVD chamber. 
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Figure 6. Schematic diagram of the MWPCVD apparatus. 

As shown in Figure 6a, the MWPCVD system we used is a device that excites plasma using 

surface waves. The 2.45 GHz microwaves generated by a magnetron are directed onto the top cover 

of the apparatus via a waveguide. The microwaves enter the chamber through a slot antenna located in 

the top cover and impinge on a quartz plate beneath it, as illustrated in Figure 6b. Inside the quartz 

plate, the microwaves undergo total internal reflection and form surface waves that propagate along 

the outside of the plate. These surface waves spread across the quartz plate as shown in Figure 6c. The 

density of surface wave propagation decreases as the distance from the center of the incident wave 

increases. This phenomenon can be described by Eq 1 [31]: 
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In Eq 1, d represents the distance from the center of the incident wave, ω is the angular frequency of 

the incident wave, where ω = 2/πf, and f is 2.45 GHz. c is the speed of light, εd is the dielectric constant 

of the medium, which in this case is the dielectric constant of quartz, and εp is the dielectric constant 

of plasma. 

When electromagnetic waves irradiate gas atoms and molecules in the absence of a magnetic field, 

they excite them, forming a plasma composed of electrons and ions. This type of plasma wave, which 

propagates along the surface, can be excited by applying intense electromagnetic waves, creating a 

large diameter and high-density plasma. This phenomenon is known as surface wave plasma (SWP). 

In an environment of very thin air or vacuum, the energy from external electromagnetic waves 

accelerates the electrons in the atoms or molecules, generating plasma. When the frequency of the 

plasma’s electrons matches the frequency of the microwaves, electromagnetic wave resonance 

absorption occurs, resulting in the formation of a high-density plasma. In this high-density plasma, 
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collisions between molecules and atoms lead to energy transfers, prompting neutral molecules and 

atoms to ionize into ions and electrons, exciting more molecules and atoms, and generating free 

radicals, achieving various active states. These active particles form the desired thin films on the 

substrate through diffusion. 

However, as the energy of surface waves attenuates with distance, the density of the plasma also 

decreases, leading to spatially non-uniform distribution, which is a primary cause of poor in-plane 

uniformity in film formation. Yuichi Hasegawa and colleagues proposed that the generation of rotating 

plasma by increasing the injection of radial microwaves through radial antennas within a cylindrical 

cavity could positively affect the uniformity of the plasma within the chamber [30,31]. However, this 

method requires complex modifications to the equipment and has been tested only in an environment 

of a single gas; its effectiveness with mixed gases has not yet been assessed. We used a mixture of 

methane (or acetylene), hydrogen, and argon gases to generate carbon active particles, which, due to 

different ionization energies required, further exacerbate the non-uniform distribution of plasma within 

the chamber. This is another reason for the poor uniformity in the plane of the samples when not 

rotating. When the sample substrate is rotated within the plasma with the special modification on the 

liftable substrate holder using a rotating motor as shown in Figure 6a, as each position on the substrate 

periodically sweeps through plasma at the same height, the in-plane uniformity of GNWs on the sample 

can be significantly improved after a long deposition time.  

3.4. Properties of a solid-state lithium-ion battery 

In order to test the impact of sample uniformity on the battery, we used a fixture to make      

two 4-cell battery samples as shown in Figure 7a and conducted 10-cycle battery performance tests on 

each sample. After the charge and discharge cycle was completed, the sample at position 2 of the two 

samples was taken for FIB-SEM scanning, as shown in Figure 7b,c. During the cycle test, charging 

was performed using a constant current of 20 μA up to 4.2 V for a maximum of 5 h and discharging  

at 20 μA down to 0.5 V. As depicted in Figures 7d,e, all samples completed 10 cycles, except for 

sample d-3, which failed to achieve any charge-discharge cycles. During these cycles, the highest 

battery capacity was obtained on the first charge-discharge cycle, and the capacity gradually decreased 

with an increasing number of cycles. In Figure 7d (1–4), sample performance varied: sample 1 charged 

and discharged normally with a maximum capacity of 5 μAh/cm2, while sample d-2 only      

reached 3.5 V; sample d-3 failed to cycle, and sample d-4 cycled but only reached 3.8 V and exhibited 

unstable voltage. In Figure 7e (1–4), all samples under the same cycling conditions completed cycles 

with capacities between 11 and 15.6 μAh/cm2, indicating that GNWs grown on rotating substrates 

were more uniform, yielding better battery consistency. 

Further analysis involved cross-sectional FIB-SEM scanning of sample 1 of both substrates; 

Figure 7b (this is a FIB-SEM cross-sectional scan of the sample shown in Figure 7d-1) shows that the 

tilt of the GNWs caused large spaces during electrolyte injection, inhibiting lithium-ion movement, 

and reducing battery performance. The failure of sample d-3 to cycle was largely due to insufficient 

electrolytes caused by voids leading to a short circuit. In contrast, Figure 7c (this is a FIB-SEM    

cross-sectional scan of the sample shown in Figure 7e-1) shows GNWs growing perpendicularly on 

the substrate, allowing full integration with the electrolyte and forming a large contact area, thus 

enhancing battery performance. 
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Figure 7. Construction and performance test of an all-solid-state lithium-ion battery with 

(a) photographic image of four cells under performance test, cross-sectional SEM images 

to show the construction of the device; (b) stationary substrate holder; and (c) rotating 

substrate holder. (d, e) Capacity test results of the four cells of each case. 

4. Conclusions 

We have successfully achieved uniform growth of GNW films on 5  5 cm SUS substrates and 

constructed prototypes of solid-state lithium-ion batteries with and without rotating substrate supports. 

We also tested the charge-discharge characteristics of batteries at four different positions on the 5  5 cm 

SUS substrates. Our method demonstrates that by simply altering the substrate support structure 

without modifying the microwave source or chamber structure, the quality and uniformity of the 

MWPCVD film deposition can be improved. The rotating GNW samples used had an average density 

of approximately 28 μg/cm2, resulting in anode-specific capacities of up to 15.6 μAh/cm2 (555 mAh/g), 

which is approximately 1.5 times the capacity of graphite anodes. This technology reduces manufacturing 

costs per unit, enhances consistency in lithium-ion battery products, and provides a theoretical and 

technical foundation for the mass production of future all-solid-state lithium-ion batteries. 
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