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Abstract 13 

The catalyst-free growth of vertically oriented graphene (VG) networks with growth 14 

rate of about 5 nm/min on commercial aluminum (Al) foil via radio frequency plasma-15 

enhanced chemical vapor deposition (RF-PECVD) is reported. The effects of process 16 

parameters, including precursor type and deposition temperature, on VG synthesis were 17 

systematically investigated. The deposition temperature plays a decisive role in the 18 

formation of VGs, while the precursor primarily influences growth rate and crystallinity. 19 

VGs were synthesized using either ethylene (C2H4) or propylene (C3H6) as precursors, 20 

but formation does not occur at lower temperatures (e.g., 500 °C). Precursors that 21 

effectively generate carbon dimers and exhibit a higher H:C ratio are more favorable 22 
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for achieving VGs with high growth rates and superior crystallinity. Furthermore, we 23 

proposed a deposition mechanism that encompasses both the growth of VGs on the Al 24 

foil surface and the diffusion of carbon atoms into the Al foil. The growth process of 25 

VGs follows three distinct stages: the formation of buffer carbon nanoislands, 26 

nucleation, and subsequent growth. X-ray photoelectron spectroscopy (XPS) revealed 27 

the chemical interactions between carbon, AlxOy, and metallic Al at the interface, 28 

resulting in a diffusion layer and an interface layer between the VG layer and the 29 

underlying Al substrate. 30 

Keywords: vertically oriented graphene, chemical vapor deposition, growth 31 

mechanism, precursors 32 

1. Introduction 33 

Cost-effective and lightweight aluminum (Al) foils are widely used as current 34 

collectors in various energy storage devices, including electrolytic capacitors, 35 

supercapacitors, lithium-ion batteries, and sodium-ion batteries[1, 2]. However, 36 

commercial Al foils have intrinsic limitations, such as a limited contact area with active 37 

materials, leading to weak adhesion and poor interfacial conductivity. These issues 38 

ultimately reduce the rate capability and cycling stability of the devices. To address 39 

these deficiencies, several modification strategies have been explored, including 40 

surface roughening and the addition of decorative coatings or self-assembled foreign 41 

layers[3-6]. 42 

Graphene, a two-dimensional honeycomb lattice of sp2 carbon atoms, is a highly 43 

promising coating material for Al current collectors due to its exceptional mechanical, 44 
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electrical, optical, and thermal properties[7]. Numerous studies have demonstrated that 45 

graphene coatings can significantly enhance the corrosion resistance and conductivity 46 

of Al foils[8-10]. For instance, Wang et al. reported that graphene-coated Al foil 47 

exhibited markedly improved anodic corrosion resistance, resulting in enhanced 48 

electrochemical performance in lithium-ion batteries[11]. However, most studies on 49 

graphene-coated Al foils have focused on conventional horizontally oriented graphene 50 

(HG) that the sheets are aligned parallel to the substrate. Compared to HG, vertically 51 

oriented graphene (VG), whose sheets are perpendicular to the substrate, offers 52 

distinctive advantages, including non-agglomerated inter-networked structures, 53 

controllable inter-sheet connectivity, high surface-to-mass ratio, and a dense array of 54 

atomic-scale graphitic edges[12, 13]. These features make VG an excellent candidate 55 

for energy and environmental applications[14, 15]. To our best knowledge, only one 56 

report has explored VG-modified Al current collectors, which were successfully 57 

applied to high-power sodium-ion batteries[16]. Unfortunately, this study provided no 58 

details on the VG preparation process, and the growth mechanism of VG on Al foil 59 

without a catalyst remains unclear. 60 

To fully exploit the advantages of VG-coated Al foils, it is critical to achieve the 61 

controllable growth of VG with desirable properties, such as high specific surface area, 62 

optimized interlayer spacing, and appropriate surface roughness[15, 17]. In this study, 63 

VG was directly grown on commercial Al foil without any catalyst using plasma-64 

enhanced chemical vapor deposition (PECVD). The morphology and microstructure of 65 

the synthesized VG were thoroughly characterized, and the effects of process 66 
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parameters, including deposition temperature and precursor type, were systematically 67 

investigated. Additionally, the interfacial structures of VG-Al foils, including the 68 

formation of metallurgical bonds, were comprehensively analyzed. The results of this 69 

study provide valuable insights into the optimal utilization of VG-coated Al foils for 70 

energy storage applications. 71 

2. Experimental sections 72 

2.1 Sample preparation 73 

The PECVD equipment used in our experiment is a home-made horizontal 74 

cylinder furnace (Fig. 1), in which three main parts are included: the gas system, the 75 

plasma generator and the vacuum heating chamber. The precursor controlled by mass 76 

flowmeter was introduced into the furnace from the left. Radio frequency (RF, 13.56 77 

MHz) was used as plasma source. The energy from the RF generator is coupled through 78 

the inductive cylindrical coils which surrounded on the quartz tube. In the vacuum 79 

heating chamber, three thermocouples were placed evenly to ensure a 400-mm-length 80 

region with uniform temperature distribution. The commercial Al foil (3 × 3 cm2, 81 

battery grade, 16 μm, Hefei kejing Material Technology Co., Ltd) substrate was placed 82 

at the center of the heating region. Before use, the Al foils were cleaned by acetone 83 

solution and ethanol solution successively, and then the foils were dried by nitrogen. 84 

The procedure was repeated by three times. The detailed PECVD process parameters 85 

were listed as follows: the deposition was conducted at 500~600 °C with pressure of 50 86 

Pa. Ethylene (C2H4, 99.9%) and propylene (C3H6, 99.9%) without a diluent were used 87 

as precursors, respectively. The flow rate of the precursor was 50 sccm, and the plasma 88 
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power was 350 W. The deposition lasted for 20~60 min. The furnace was under a 89 

nitrogen atmosphere during both the heating and cooling processes. Additionally, a 90 

piece of Al foil was used for a second growth under the same condition after sonication 91 

in acetone for 6 h.  92 

 93 

Fig. 1 Schematic diagram of the apparatus for the preparation of VGs 94 

 95 

2.2 Characterizations 96 

Scanning electron microscope (SEM, JEOL JSM-IT700HR) equipped with energy 97 

dispersive spectroscopy (EDS) was used to examine both the morphologies and 98 

compositions of the products. The structural informations were acquired by Raman 99 

spectroscopy (Renishaw inVia Qontor) and high resolution transmission electron 100 

microscope (HRTEM, FEI Tecnai F20). The curve fitting of the first-order Raman 101 

spectra (1000~2000 cm-1) for the determination of spectral parameters was performed 102 

with the software program Origin 2020 by using the procedure proposed by Sadezky et 103 

al[18]. The TEM specimens were prepared by ultrasonic method. That is, the VGs-Al 104 

foil developed was immersed in ethanol solution to ultrasonic for 4 h. Then, a few drops 105 
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of ethanol solution in which contains VGs were added on a 3 mm-diameter copper mesh. 106 

After evaporation of ethanol, the TEM specimen of VGs was finished. The interfacial 107 

composition and distribution of sonicated VGs-Al foil and primary Al foil were 108 

determined by X-ray photoelectron spectroscopy (XPS, PHI VersaProbe 4) analysis 109 

with Ar-ion sputter etching. The three-dimensional topography of samples were 110 

characterized by a 3D scanner (GOM ATOS Scanbox 4105). 111 

3. Results and discussion 112 

The choice of precursor plays a critical role in determining the morphology and 113 

properties of VG grown via the PECVD process[7, 19]. While a wide range of 114 

precursors, including hydrocarbons, fluorocarbons, carbon oxides, and natural solid or 115 

liquid materials, have been explored, volatile small hydrocarbons (CH4, C2H2 and C2H4) 116 

remain the most used[12, 20-23]. However, C3H6, a gaseous alkene that serves as the 117 

primary carbon source for pyrolytic carbon deposition, has rarely been applied to VG 118 

synthesis. In this study, C2H4 and C3H6 were selected as precursors for VG growth. 119 

After 60 minutes of deposition, both precursors produced uniform and continuous 120 

carbon coatings on Al foils (Fig. S1), resulting in a change in the macroscopic 121 

appearance of the Al foil from silvery white to dark gray. The microscopic 122 

morphologies of the as-prepared carbon-coated Al foils remained largely unchanged 123 

compared to the original Al foil, with rolling lines and holes still clearly visible (Fig. 124 

S1). 125 

As shown in the SEM images in Fig. 2, typical VG structures were observed in the 126 

carbon coatings produced by both precursors. Interconnected carbon sheets, several 127 
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nanometers thick, were oriented vertically to the Al foil, and their distribution was 128 

remarkably uniform across the substrate surface. The top edges of the carbon sheets 129 

appeared brighter than the base areas, indicating that the top layers were thinner than 130 

those at the base. Despite both coatings consisting of VGs, differences were observed 131 

between the samples: the VGs synthesized using C3H6 were finer and more delicate 132 

than those grown using C2H4. 133 

 134 

Fig. 2 Surface SEM images of the deposits prepared by (b) C2H4 and (c) C3H6 at 135 

600 °C with deposition time of 60 min 136 

 137 

The typical Raman spectra of the as-prepared VGs are shown in Fig. 3. Three 138 

prominent bands are observed: the D band (~1350 cm-1), G band (~1580 cm-1) and G’ 139 

band (~2700 cm-1). The D band is induced by defects in the crystal structure, while the 140 

G band arises from vibrations between neighboring carbon atoms within the graphene 141 

plane[18]. The G’ band, on the other hand, originates from the double-resonance Raman 142 

process, which occurs without any defects[24]. Additionally, a weak disorder-induced 143 

D’ band appears at ~1620 cm-1 as a shoulder of the G band. The intensity ratio of the D 144 

band to the G band (ID/IG) is commonly used to evaluate the level of crystallinity, as it 145 
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is inversely proportional to the degree of crystallinity[18]. From Fig. 3, the ID/IG values 146 

for the VGs samples prepared using C2H4 and C3H6 are 1.72 and 1.39, respectively. 147 

These high ID/IG values indicate that the crystallinity of the obtained VGs is low, with 148 

the VGs prepared from C2H4 exhibiting a lower degree of crystallinity. This is primarily 149 

attributed to the significant number of defects arising from the abundant exposed edges 150 

of the graphene sheets, as confirmed by the sharp profile and high intensity of the D 151 

band. These exposed edges are critical for VGs’ applications in field emitters, gas 152 

sensors, and biosensors[13, 17]. The structural analysis derived from the first-order 153 

Raman spectra aligns well with the results obtained from SEM observations. 154 

Another notable feature of the graphene Raman spectra is the G’ band, whose 155 

spectral shape provides insights into the number of layers and stacking order within the 156 

nanosized graphene sheets[25, 26]. Previous studies have demonstrated that the G’ band 157 

evolves with an increase in graphene layers: it changes from a single sharp line 158 

(monolayer graphene) to multiple lines (multilayer graphene) and eventually to a 159 

broader single line (turbostratic graphite)[24, 25]. The insets in Fig. 3 highlight the 160 

details of the G’ region, where a symmetric G’ signal is observed, requiring only a single 161 

Lorentzian profile to fit the experimental data. The full width at half maximum (FWHM) 162 

values of the G’ bands range from 90 to 110 cm-1, significantly wider than the FWHM 163 

of monolayer graphene (~24 cm-1)[26]. These observations suggest that the as-prepared 164 

VGs consist of multilayer graphene with a turbostratic random stacking configuration. 165 
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 166 

Fig. 3 Raman spectra of VGs prepared by C2H4 and C3H6, respectively. The insets are 167 

the magnification of G’ band. 168 

 169 

Given that VGs were successfully synthesized using both C2H4 and C3H6 as carbon 170 

sources, it can be concluded that the choice of gas precursor is not the primary 171 

parameter governing VG growth. The feedstock gas significantly influences the 172 

synthesis process, affecting the morphology, structure, and growth rate of the resulting 173 

deposits[27-29]. It is widely accepted that reactive carbon dimers in the deposition zone 174 

play a crucial role in the evolution of critical nuclei into VG sheets[12, 30, 31]. 175 

Therefore, CH4 and C2H2, which are effective providers of carbon dimers, are the most 176 

used precursors for VG synthesis. Among these, C2H2 is preferred due to the strength 177 

of the C≡C bond, which facilitates easier production of carbon dimers compared to 178 

CH4[17]. Consequently, VGs grow more rapidly when using C2H2 as the feedstock. 179 

Moreover, some researchers have suggested that C₃-type radicals serve as the 180 
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fundamental building blocks for VGs growth[32]. In our case, the primary pyrolysis 181 

products of C2H4 and C3H6 were found to be C2 and C3 species, respectively[33]. This 182 

indicates a higher density of carbon dimers in the C2H4 plasma, which promotes the 183 

formation of VGs with larger graphene sheets. Furthermore, while no additional diluent 184 

gases (H2, N2, Ar) were introduced into the PECVD system, the hydrogen atoms present 185 

in the hydrocarbon precursors (C2H4 and C3H6) likely acted as etching agents[23, 34]. 186 

Hydrogen atoms or radicals generated in the plasma can reduce defects in VGs during 187 

growth. As a result, the higher hydrogen content in C3H6 promotes the formation of 188 

VGs with a lower ID/IG value. However, the etching effect is limited by the relatively 189 

low hydrogen content in the system. 190 

The detailed microstructural features of the as-prepared VGs were investigated 191 

using HRTEM, with the corresponding results shown in Fig. 4. A small piece of bulk 192 

VG film, measuring several micrometers, can be seen in Fig. 4a, indicating that the 193 

binding force between the graphene sheets is strong enough to withstand ultrasonic 194 

wave disruption. The periphery of the film consists of numerous curved graphene sheets 195 

with a petal-like appearance. A closer examination of these graphitic petals reveals two 196 

distinct types of edges at the tips: faceted edges and open edges, as highlighted by 197 

arrows of different colors in Fig. 4b. The faceted edges are formed by folding graphene, 198 

typically at zigzag or armchair positions, as evidenced by angle measurements between 199 

folds quantized at approximately 30º[35, 36]. In contrast, open edges, also referred to 200 

as non-faceted edges, represent areas where growth can occur. Fig. 4c shows a typical 201 

TEM image of a graphitic sheet with multiple folds. The edge contrast of the faceted 202 
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edges is apparent due to the thickness variation from the folded flaps. It is generally 203 

accepted that the structural stability of a vertical graphitic sheet decreases as its size 204 

increases[35]. Thus, it is speculated that as a vertical graphitic sheet grows larger, its 205 

edges may collapse due to reduced structural stability, forming folds, and changing 206 

orientation by approximately 30º. Repeated folding can occur within a single graphene 207 

petal, resulting in multiple facets in 2D projections and a curvy surface in 3D 208 

topography. These folded edges provide mechanical stability to the graphitic petals, 209 

helping to maintain the vertical structure during growth. Additionally, the growth rate 210 

varies along different positions of the open edges, creating a wavy profile. The HRTEM 211 

image (Fig. 4d) reveals that the petals consist of several stacked graphitic layers with 212 

an interlayer spacing of approximately 0.34 nm. Amorphous carbon is also observed 213 

between the petals, which contributes to the D band observed in the Raman spectra. 214 

 215 
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Fig. 4 TEM images of VGs prepared by C2H4 at 600 °C with deposition time of 60 216 

min. The white arrow points to a facetted edge, while the red arrow points to an open 217 

edge in (b). The inset in (c) is the simulation of 3D topography. 218 

 219 

Deposition temperature is one of the most critical process parameters influencing 220 

the growth of VGs, since it strongly affects the kinetics of pyrolysis reactions and 221 

surface reactions. Fig. 5 presents the SEM surface analysis of the Al foil substrate after 222 

deposition at various temperatures. At a deposition temperature of 500 °C, no VG film 223 

was formed, as shown in Fig. 5a. Instead, the Al foil substrate was uniformly covered 224 

with nanoislands ranging in size from 20 nm to 60 nm. Additionally, some vertical 225 

flakes, approximately 10–30 nm in length, were observed at the edges of the 226 

nanoislands (marked by arrows in Fig. 5a). These sparse vertical flakes indicated that 227 

the growth was still in the nucleation stage at this temperature, while the underlying 228 

nanoislands served as the buffer layer. When the deposition temperature increased to 229 

600 °C, the growth of a VG film became evident after 20 minutes of deposition (Fig. 230 

5b). A substantial number of vertical carbon flakes, several nanometers thick (Fig. S2) 231 

and tens of nanometers long, formed across the Al foil substrate. The dense flakes, 232 

which appeared both straight and curved, suggest that the growth had progressed to the 233 

rapid growth stage with a growth rate of about 5 nm/min. From the temperature 234 

comparison experiments, under the influence of PE, the precursor gas can decompose 235 

at lower temperatures to generate C2 radicals. However, when the deposition 236 

temperature is too low, the concentration of active species in the deposition atmosphere 237 
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is insufficient to support the formation of VGs. 238 

The Raman spectra of the VGs synthesized at different temperatures are presented 239 

in Fig. 5c. Based on the decreasing ID/IG values, from 2.0 at 500 °C to 1.92 at 600 °C, 240 

it can be inferred that the degree of crystallinity in the deposits increased with the rise 241 

in deposition temperature. Although both Raman spectra exhibit a D band with high 242 

intensity, the primary causes of the D band differ significantly. For the deposit prepared 243 

at 600 °C, the D band was predominantly caused by the abundance of open edges in the 244 

VGs. In contrast, the deposit prepared at 500 °C showed defects primarily attributed to 245 

internal crystalline imperfections, such as vacancies and disorders, which are likely due 246 

to the lower deposition temperature. At lower temperatures, the depositing species may 247 

have limited mobility, preventing them from rearranging into a preferred structure[37]. 248 

Compared to the Raman spectra in Fig. 3, it appears that the crystallinity of the VGs 249 

improved with increased deposition time. Additionally, the appearance of a 250 

characteristic G’ peak in the sample prepared at 500 °C suggests that the nanoislands 251 

consisted of finite-sized sp2-hybridized crystallites oriented parallel to the substrate 252 

surface.  253 

 254 

 255 

Fig. 5 Surface SEM images of deposits prepared at (a) 500 °C and (b) 600 °C. Raman 256 

spectra of deposits prepared at 500 °C and 600 °C by using C2H4 as precursor with the 257 
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deposition time of 20 min. 258 

 259 

To further investigate the interface between the Al substrate and the VGs film, 260 

additional experiments were conducted. After the initial growth, the Al substrate was 261 

reused by carefully removing the synthesized VGs in an ultrasonic bath. The surface 262 

SEM images and corresponding EDS results of the VGs-Al sample after sonication 263 

treatment are shown in Fig. 6. A few isolated VG residues with irregular shapes and 264 

varying sizes were still observed on the Al substrate, indicating the formation of a stable 265 

cohesion between the VGs and the Al substrate. As shown in Fig. 6b, in addition to the 266 

Al and O elements, a small amount of uniformly distributed C was detected in the 267 

uncovered regions of the Al foil. However, the concentration of C in these regions was 268 

significantly lower compared to the covered areas. This suggests that an interface layer 269 

was formed between the Al substrate and the VGs, likely due to diffusion or chemical 270 

reactions. 271 

 272 

Fig. 6 (a) surface SEM image and (b) corresponding EDS results of the VGs-Al 273 

sample after sonication treatment. 274 

SEM images of VGs grown on a reused Al foil were collected and are shown in 275 
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Fig. 7. After the first VGs synthesis and subsequent removal, VGs were successfully 276 

regrown on the reused Al substrate during a second growth process. No significant 277 

differences were observed in the morphology or density of the VGs films between the 278 

first and second growth cycles. The interface layer formed on the Al foil surface during 279 

the deposition process has little effect on the re-growth of the second round of VGs. In 280 

other words, the growth of VGs is not limited by the surface state of the Al foil. This 281 

indicates that additional surface treatments such as acid pickling or preoxidation, which 282 

are typically required for metal substrates to deposit nanocarbon materials, are not 283 

needed for reusing Al substrates in VG synthesis. However, a distinct boundary between 284 

the newly grown VG region and the primary VG region was observed, caused by a 285 

height difference in the deposition substrate. During the second growth process, some 286 

active intermediate products adsorbed onto the reused Al substrate surface to form new 287 

VGs, while others adsorbed onto the edges of the topmost graphene sheets in the 288 

residual VGs, extending the existing graphene layers. Consequently, the graphene 289 

sheets in the primary VG region were larger than those in the newly grown VG region, 290 

as shown in Fig. 7b. The height difference between the newly grown and primary VGs 291 

was measured to be in the range of 0.6 μm to 1.1 μm (Fig. S3). 292 

 293 
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Fig. 7 Surface SEM images of VGS grown on a reused Al foil 294 

 295 

XPS was performed to further probe the interface between VGs and Al substrate. 296 

The XPS wide scan spectra of primary Al foil (P-Al) and sonicated VGs-Al substrate 297 

(S-VGs-Al) indicated that there are only Al, O and C are present. The atom percentages 298 

of these three elements in depth revealed by Ar-ion sputter etching are shown in Fig. 8. 299 

From Fig. 8a, mainly C, O and a small amount of Al are present at the fresh P-Al surface. 300 

After 30 s of sputtering, the amount of C dramatically decreased from 42.5% to 2.6% 301 

and maintained at a relative stable low level (3.5%) as etching progressing. By contrast, 302 

the percentage of Al increased significantly from 16.3% to 73.0% in the etch process. 303 

And the gradually decreasing atomic percentage ratio of O to Al suggesting a gradient 304 

compositional variation in the Al oxide film. So AlxOy rather than Al2O3 was more 305 

suitable to represent the component of oxide thin film on Al foil. Fig. 8b shows the 306 

depth profiling of Al, O and C (at.) in S-VGs-Al. The percentage of C maintained at a 307 

predominant level (high than 60%) throughout due to the residual VGs on surface. 308 

According to the distribution of Al and O in depth, three layers can be divided, that is 309 

surface VGs layer, diffusion layer and interface layer. The three layers are schematically 310 

illustrated in Fig. 8b. Surface VGs layer mainly consist of C. In the diffusion layer, 311 

percentages of Al and O gradually increase, and the proportion of O is slightly higher 312 

than that of Al. For the interface layer, percentage of Al keeps increase from 12.6% to 313 

16.8%, while that of O begins to decrease from 22.9% to 5.3%. 314 
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 315 

Fig. 8 Depth profiling of C, O and Al (at.) in (a) P-Al and (b) S-VGs-Al during Ar-ion 316 

sputter etching 317 

 318 

Fig. 9 presents high-resolution XPS scans of Al 2p and C 1s for S-VGs-Al after 319 

different durations of Ar-ion sputter etching. The Al 2p and C 1s peaks were fitted to 320 

species with different valences, and the percentages of these species (calculated based 321 

on the area ratios of the fitted peaks) are provided in Table S1. In Fig. 9a, the Al 2p 322 

scans are deconvoluted into peaks centered at approximately 75 eV (AlxOy), 74 eV (Al-323 

O-C), 73 eV (Al-C), and 72.7 eV (Al metal)[38, 39]. These four peaks are present 324 

throughout the depth profile. Among them, AlxOy and Al metal represent the original 325 

components of the Al oxide film and Al substrate, respectively. In contrast, Al-O-C and 326 

Al-C are identified as reaction products formed by the interaction of carbon diffused 327 

from the surface VG layer with AlxOy or Al metal, as described in reaction path (1), (2), 328 

and (3) below[39]. 329 

𝐴𝑙𝑥𝑂𝑦 + 𝐶 → 𝐴𝑙 − 𝑂 − 𝐶 (1) 330 

𝐴𝑙 − 𝑂 − 𝐶 + 𝐶 → 𝐴𝑙 − 𝐶 (2) 331 

𝐴𝑙 + 𝐶 → 𝐴𝑙 − 𝐶 (3) 332 
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AlxOy and Al-O-C dominate the diffusion layer, where AlxOy increases from 47.6% 333 

to 79.6%, while Al-O-C and Al-C decrease (Al-O-C: 41.0% to 12.5%; Al-C: 7.3% to 334 

1.0%). This reflects a carbon concentration gradient, with the highest Al-C and Al-O-C 335 

near the surface. Al metal remains steady (6.4%–8.9%), suggesting Al-C in this layer 336 

forms via reaction path (2). 337 

In the interface layer, Al-C and Al metal increase significantly (Al-C: 1.0% to 338 

15.6%; Al metal: 6.9% to 39.0%), indicating Al-C forms primarily via reaction path (3). 339 

Fig. 9b shows C 1s peaks at ~285.2 eV (C-O), ~284.4 eV (C-C), and ~283 eV (Al-O-340 

C), with C-C and C-O as the major species[38, 39]. At an etch time of 360 seconds, 341 

trace Al-C species appear in the interface layer. 342 

 343 

Fig. 9 XPS spectra and peak fittings of S-VGs-Al sample in depth profile, (a) Al 2p 344 
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scan, (b) C 1s scan 345 

 346 

Based on the results, the deposition model schematically illustrated in Fig. 10 is 347 

proposed. When the precursor (C2H4 or C3H6) is introduced into the plasma, the 348 

generated CxHy ions and radicals adsorb onto the surface of the Al foil. Through a series 349 

of gas-solid heterogeneous reactions, carbon atoms are captured while gaseous H2 is 350 

desorbed. Some of these captured carbon atoms deposit on the Al foil surface to form 351 

VGs, while others diffuse into the Al foil substrate. Initially, a buffer layer of carbon 352 

nanoislands with numerous crystalline defects forms on the Al foil surface[40]. 353 

Subsequently, carbon flakes at the edges of the nanoislands begin to grow upward to 354 

release internal stress caused by lattice mismatch between the Al substrate and the 355 

buffer layer[19], serving as nucleation sites and transitioning the growth direction from 356 

planar to vertical. In the final stage, dissociated carbon species continuously adsorb 357 

onto the surface of vertically growing carbon sheets, moving rapidly until covalently 358 

bonding with edge carbon atoms. Carbon dimers act as the primary building blocks for 359 

VGs, and as the vertical carbon sheets expand, their structural stability weakens, 360 

causing edge collapse and forming the characteristic petal-like morphology. 361 

For the diffusion process, carbon atoms diffuse into the Al substrate and react with 362 

AlxOy and Al metal to form Al-O-C and Al-C species, respectively. The concentration 363 

of Al-O-C decreases with depth, while Al-C increases, suggesting the existence of a 364 

diffusion layer and an interface layer between the VG top layer and the pure Al substrate. 365 

This dual process of deposition and diffusion not only provides strong adhesion 366 
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between the VGs and the Al foil substrate but also helps reduce the interfacial resistance 367 

of the Al foil[41]. 368 

 369 

Fig. 10 Deposition process of VGs on Al foil 370 

 371 

Taken together, we present a novel PECVD process for the growth of VGs on Al 372 

foil, offering insights into the deposition mechanism and its application potential. The 373 

proposed three-stage growth process—buffer layer formation, nucleation of vertical 374 

carbon flakes, and VG growth—was found to be consistent across different precursors 375 

(C2H4 and C3H6) and temperatures. However, the duration of each stage is highly 376 

dependent on process parameters. Low temperatures or reduced concentrations of 377 

active species extend the buffer layer deposition or nucleation stages, indicating the 378 

need for optimized conditions to achieve efficient VG growth. 379 

The formation of nanoislands as the buffer layer on Al foil is a notable finding, 380 

differing from previously reported carbides, amorphous carbon, or graphene layers 381 

observed on other substrates. Further investigation into the internal structure of these 382 
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nanoislands is essential for understanding their role in VG growth and improving the 383 

synthesis process. 384 

The dual deposition and diffusion mechanism ensures strong adhesion and low 385 

interfacial resistance, making the VGs-Al composite highly suitable for applications in 386 

energy storage devices such as supercapacitors, lithium-ion batteries, and sodium-ion 387 

batteries. The robust process, which avoids thermal damage and eliminates the need for 388 

additional substrate treatments, enhances the scalability and economic viability for 389 

industrial applications. These findings not only deepen the understanding of VG growth 390 

mechanisms but also expand the potential application areas of Al foils in advanced 391 

energy and electronic devices. 392 

4 Conclusion 393 

In summary, petal-like VGs were successfully synthesized on commercial Al foil 394 

via catalyst-free PECVD. The as-prepared VG networks consisted of vertical oriented 395 

curvy carbon petals with a thickness of several nanometers. In each carbon petal, a few 396 

of graphene sheets were stacked in parallel with interlayer spacing of 0.34 nm. Multiple 397 

folds were formed in these petals during growth, in order to maintain the stability of the 398 

vertical structure. While the choice of precursor and the presence of gaseous etchants 399 

did not critically affect VG formation, they influenced growth rate, size, and 400 

crystallinity. Nevertheless, deposition temperature is of importance in VG’s growth. 401 

VG film cannot be deposited at a low temperature (500 °C). Finally, the growth 402 

mechanism of VGs on Al foil was revealed, involving three stages: the formation of a 403 

buffer carbon layer, the nucleation stage, and the final growth of dense VG networks. 404 
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