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a b s t r a c t 

Graphene nanostructures exhibit a wide range of remarkable properties suitable for many applications, 

including those in the field of biomedical engineering. In this work, plasma-enhanced chemical vapor 

deposition was utilized at different applied RF power for the fabrication of vertical graphene nanowalls 

on silicon and quartz substrates from an inherently volatile carbon precursor without the use of any 

catalyst. AFM confirmed the presence of very sharp exposed graphene edges, with associated high surface 

roughness. The hydrophobicity of the material increased with the power of deposition, reaching the water 

contact angle of 123 ˚ for 500 W. Confocal scanning laser microscopy demonstrated that the viability 

of gram-negative Escherichia coli and gram-positive Staphylococcus aureus cells were 33% and 37% when 

incubated on graphene samples, respectively, compared to controls (quartz) that showed the viability of 

82% and 84%, respectively. SEM verified significant morphological damage to bacterial cell walls by the 

sharp edges of graphene walls, with cells appearing abnormal and deformed. The presented data clearly 

contributed to the current understanding of the mechanical-bactericidal mechanism of vertically oriented 

graphene nanowalls upon direct contact with microorganisms. 

© 2022 Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Graphene-based structures continue to be broadly studied 

cross multiple areas of research due to their exceptional charac- 

eristics, which are derived from the single-atom-thick sp 

2 -bonded 

arbon atoms densely assembled in a honeycomb crystal lattice 

1] . Graphene is considered to be the world’s thinnest, strongest 

nd most conductive 2D structure with high surface area (2630 

 

2 /g), super hydrophobicity ( ∼150 ̊) and high optical transmit- 

ance of around 97% over the entire wavelength region [ 2 , 3 ]. These

xtraordinary features have promoted the integration of graphene 

nto various fields ranging from advanced electronic, energy gener- 

tion and storage, sensors, flexible displays, efficient solar panels, 

o drug delivery and biomedical applications. The surface ordering 

f graphene sheets is of utmost importance for successful usage 
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 4 , 5 ]. Yet, some issues may arise when graphene sheets are ran- 

omly assembled on a substrate, promoted by the high tendency 

f graphene sheets to permanently agglomerate, or restack owing 

o the powerful π–π stacking and van der Waals forces [6] . Such 

ssues could prevent graphene sheets from fully interacting with 

heir environment, directly affecting their performance in such ap- 

lications as sensing, supercapacitors and biomaterials [ 7 , 8 ]. 

Vertically oriented graphene nanowalls (VOGNs) control the 

anner in which graphene interact with their environment and 

aximize the exposure of the reactive edge and defects distributed 

cross the sheet surface to the environment. VOGNs are a non- 

tacking 3D structure with lateral and vertical dimensions rang- 

ng from 0.1 nm to tens of micrometers, where each individ- 

al nanowall comprises few-layer graphene (1–10 layers) with 

n interlayer spacing around 0.3 nm [ 8 , 9 ]. Compared to hori- 

ontal graphene, VOGNs have a higher density of reactive open 

dges, great surface-to-volume ratio, specific orientation with re- 

pect to the substrate surface, and non-stacking property. Impor- 

antly, VOGNs can be directly grown on the substrate. The definite 
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erformance of VOGN structures is mainly reliant on its funda- 

ental and morphological features including sharpness and length 

f the active edges, degree of interconnectivity between individ- 

al walls, dimensions, spacing between layers, existence of defects 

nd/or dopants, etc. 

From biological perspective, characteristics of VOGNs offer a 

romising potential to deactivate microorganisms. Indeed, several 

ertical graphene architectures have revealed wide-spectrum an- 

imicrobial activities toward common human pathogens [10–13] . 

he antimicrobial performance of these structures is believed to 

e instigated by physical and/or chemical interactions upon direct 

ontact with microbial cells [14] . Although bactericidal properties 

f VOGNs have been theoretically and experimentally investigated, 

heir antibacterial mechanisms are still controversial. In a very re- 

ent study, Wei et al. examined the biocidal activities of vertically 

nd horizontally oriented graphene developed on semiconductor 

nd insulator substrates [15] . The outcomes revealed that a signif- 

cant antibacterial activity was only achieved for vertical graphene 

rown on semiconductor substrates, indicating both the orienta- 

ion of graphene and conductivity of underlying substrates highly 

nfluence the microbial inactivation [15] . Similarly, in another re- 

ort that showed vertically grown graphene to have a powerful 

actericidal performance, the penetration of graphene flasks into 

he affected microorganism was found to be highly depended on 

he angle between the graphene and the cell membrane [16] . Fur- 

hermore, vertically-oriented graphene nanosheets produced from 

ifferent precursors also revealed effective antifouling activities to- 

ard pathogens (e.g., E. coli and S. aureus ) [17] . 

The advantages of using vertically oriented graphene in miti- 

ating microbial attachment on surfaces has been proven through 

xperimental, theoretical and simulation studies [ 18 , 19 ]. Pandit 

t al. [16] demonstrated that monolayer horizontal graphene on 

urfaces did not affect bacterial cells, whereas, vertical graphene 

ed to an extensive mechanical rupturing of bacterial cells. The 

anosheets of vertical graphene act as “nano-knives”, which cause 

ocalized piercing of the cell membrane, leading to the leakage 

f cellular contents and ultimately killing the bacteria [20] . An- 

ther work explained bacterial lysis by means of local disruption 

f a bacterial lipid bilayer which obstructs cellular metabolism and 

auses cell death [21] . Furthermore, it has been found that verti- 

al graphene is equally effective against both Gram-negative and 

ram-positive bacteria [22] . 

Plasma-assisted technology can be utilized to produced 

raphene walls that do not collapse or agglomerate, where their 

roperties (e.g., orientation, density of networks, thickness of 

alls) are controlled via growth parameters. Among fabrication 

ethods, plasma enhanced chemical vapor deposition (PECVD) 

s a bottom-up technique that is highly versatile and feasible 

or large-area production of vertical graphene structures at rea- 

onable growth rates [ 23 , 24 ]. PECVD can yield dense carbon 

anoflakes/nanowalls without using any catalyst, which ensures 

igher purity compared to other production techniques [25] . It also 

llows for the preservation of original minerals existing in the pre- 

ursor, resulting in varying morphologies and chemistries of the 

esultant graphene [26] . The properties of graphene produced by 

ECVD highly depends on the processing parameters, (e.g., cat- 

lyst, applied power, temperature, reactive gas, pressure, precur- 

or, growth time and substrate coating), which should be carefully 

ptimized. In catalyst-free PECVD system, the plasma power is a 

ey parameter determining the dissociation of reactant molecules 

nd regulates the density, momentum and energy of the plasma 

pecies (ions, electrons and neutral species) inside the bulk plasma. 

ndeed, the plasma field are effective in breaking the bonds of 

arbon-based precursors decreasing the required temperature for 

raphene fabrication. 
m

2 
This study investigates the physical bactericidal mechanism of 

OGNs toward pathogenic bacteria by fabricating graphene with 

issimilar edge densities. The VOGNs were produced at differ- 

nt radio frequency (RF) powers using a single-step catalyst-free 

ECVD system. The RF powers applied for the syntheses of verti- 

ally aligned graphene were 30 0, 40 0 and 500 W, where the re- 

ulting samples abbreviated as VG 300, VG 400, and VG 500, re- 

pectively. To the best of our knowledge, this is first work system- 

tically investigates the antimicrobial activities of VOGNs films de- 

ived from the essential oil family of precursors, namely the essen- 

ial oil P. graveolens . 

. Experimental 

.1. Graphene synthesis 

The graphene was fabricated using a single step RF-PECVD tech- 

ique. The plasma reactor used in this study has been described 

lsewhere [ 27 , 28 ]. Briefly, the PECVD system, shown in Fig. 1 , con-

ists of a quartz tube reactor with an external heater. An adjustable 

oltage regulator was utilized to obtain the required temperature 

f 700 °C. The starting pressure was kept around 0.05 mbar. Then, 

he pressure of the reactor was kept at 0.20 mbar when H 2 gas 

as flown at the rate of 10 sccm. Three input powers were used 

0 0, 40 0, and 50 0 W, supplied using the Navio RF Generator op- 

rating at 13.56 MHz frequency through the Navio Matching Net- 

ork. Prior to the deposition stage of the process, substrates were 

retreated with hydrogen plasma for 1 min for surface prepara- 

ion. The vaporized precursor was then introduced into the re- 

ctor using a manual flow controller. In all experiments, silicon 

with 100 nm oxide layer) and quartz substrates (1 × 1 cm 

2 ) were 

ashed with acetone and propanol, and dried by air gun prior 

o the deposition. It is well known that the growth of vertical 

raphene by PECVD is a complex process, where the morphology, 

imensions, phase, adhesion to substrate, degree of crystallinity, 

nd density of graphene are highly influenced by the interrelated 

rowth parameters [ 6 , 29 ]. Thus, we kept all processing parame- 

ers identical during all experiments, and only changed the power 

f deposition. The initial optimization of the home-made PECVD 

ystem suggested a hydrogen flow rate is 10 sccm, temperature is 

00 °C, pressure is 0.2 mbar, and deposition duration is 4 min. De- 

ailed information about the optimization procedure can be found 

n ref. [30] . 

It is worth mentioning that the synthesis of graphene from in- 

xpensive natural precursors is of great interest from both an eco- 

ogical and industrial point of view [31] . In the literature, VOGNs 

ave successfully been derived from environmentally friendly low- 

ost precursors such as honey [32] , butter [33] , coconut oil [34] , 

range fruit, [35] , biomass waste [36] , milk and sugar [29] . The use 

f other precursors such as volatile plant extracts has received less 

ttention. Secondary metabolites harvested from plants are renew- 

ble substances suitable for producing graphene through PECVD, 

ince they are carbon-rich volatile oily liquids that evaporate at 

oom temperature without any carrier gas [ 5 , 37 ]. A previous study 

eported successful synthesis of VOGNs from Melaleuca alternifo- 

ia utilizing green catalyst-free low temperature PECVD. The resul- 

ant graphene material demonstrated high quality, enhanced sur- 

ace area with ultra-long edges, great surface roughness, and a 

ow level of defects [38] . In this study, the precursor ( Pelargonium 

raveolens ) was obtained from Australian Botanical Products (ABP, 

ictoria, Australia), and its vapors were introduced into the PECVD 

ystem without further modification. The selected precursor is a 

ydrocarbon-rich mixture containing more than 80 components; 

ainly citronellol (C 10 H 20 O) and geraniol (C 10 H 18 O) [ 39 , 40 ]. 
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Fig. 1. Overview of the fabrication process and the representative features of vertically oriented graphene nanowalls produced by plasma enhanced chemical vapor deposi- 

tion. 
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.2. Graphene characterization 

Raman measurements were performed in an ambient environ- 

ent at room temperature using a WITec’s Raman spectrometer 

WITec, Ulm, Germany) with the laser excitation wavelength of 

32 nm. X-ray photoelectron spectroscopic studies (XPS) were car- 

ied out using a Specs SAGE 150 spectroscope enhanced with an 

l K α X-ray (E = 1486.6 eV) monochromatic source. XPS spectra 

ere acquired at 90 °angle from a circular spot (diameter = 5 mm). 

n order to decrease any potential damage to the investigated sam- 

les, the exposure period was kept as minimal as possible to 

btain sufficient signal-to-noise ratio. Static water contact angle 

easurements were recorded using a goniometer (KSV CAM 101, 

elsinki, Finland). Young–Laplace fitting was used to estimate the 

ontact angle and a minimum of three measurements per sample 

ere obtained. Surface morphology was inspected using a high- 

esolution and low-noise scanning atomic force microscope (AFM) 

NT-MDT NTEGRA, Moscow, Russian Federation) with a scanning 

rea of 5 μm × 5 μm. AFM was used in the tapping mode. The 

ata then analyzed using Nova Software (Version 1.0.26, Moscow, 

ussian) with the fitting adjustment value (polynomial order of 

). Scanning Electron Microscopy (SEM) (SU50 0 0, Hitachi, Canada) 

as also employed to image VG samples fabricated on silicon sub- 

trates at V acc = 3.0 kV, EC = 124 K nA and WD = 9.0 mm. Trans-

ission electron microscopy (TEM, JEOL 2100, JEOL Ltd., Tokyo, 

apan) was used to analyze the morphology of the graphene. 

The antibacterial effectiveness of VG toward gram-negative Es- 

herichia coli and gram-positive Staphylococcus aureus cells was 

valuated by Live/Dead staining and visualization. The experiment 

as run in triplicate. For each test, a fresh bacterial suspension was 

repared by first refreshing the frozen stock culture (1 mL) in Ox- 

id nutrient broth (10 mL) at 37 °C in shaking mode at 120 rpm. 

 spectrometer instrument (The SPECTROstar Nano, BMG labtech, 
3 
ermany) was used to estimate bacterial concentration prior to 

lacing them onto graphene surfaces. The cell mass was kept at 

.1 at optical density of 600 nm to produce a uniform starting cul- 

ure of 2 × 10 5 cell/ CFU. Controls (quartz substrates) and VG sam- 

les were placed into 12-well plates, then treated by UV light for 

0 min on each side to sterilize the samples. An aliquot of 2 ml of 

acterial suspension was placed onto the sample surface. All tested 

amples were incubated at 37 °C and 5% CO 2 for 24 h. After the in-

ubation period, a staining kit (SYTO 

TM Invitrogen, Thermo Fisher, 

SA) was applied to study live/dead microbial cells. The dyes were 

sed following the protocol defined in [41] . Prior to imaging of the 

ells retained on sample surfaces, bacterial suspensions were gen- 

ly removed from the samples. Then, 90 μl of the stain was gen- 

ly placed on top of each sample and the samples were covered 

ith metal foil. After 20 min, samples were lightly washed with 

.5 ml of distilled water to remove unattached bacteria. Fluores- 

ent images were acquired with a confocal laser scanning micro- 

cope (LSM 800, ZEISS, Germany), with green and red signals cor- 

esponding to live and non-viable cells, respectively. Viability was 

ssessed as the percentage of viable, adhering bacteria relative to 

he total number of bacteria attached to the surface. 

To obtain SEM images, E. coli and S. aureus cells were cultured 

n surfaces of control, VG 300, VG 400, and VG 500 for 24 h at 

7 °C at the densities described above. After the growth, the bacte- 

ial culture medium was gradually removed from wells and phos- 

hate buffered saline (quantity of 2 ml) was used to wash each 

pecimen. In order to dehydrate cells, each sample was subjected 

o a series of different ethanol concentrations applied in ascending 

rder (30%, 50%, 70%, 80% and 100%), at 10 min per each concen- 

ration. Then, the dehydrated specimens were coated with a few 

anometer-thick film of palladium metal using an ion sputter (de- 

osition time of 60 s). This supplementary coating step is typi- 

ally used to increase the bulk conductivity of samples and reduce 
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Fig. 2. (a), (b) and (c) SEM images acquired for VG samples produced at different RF processing powers. (d) High magnification SEM images of VG 500 sample. (e) Full XPS 

spectra of VG samples and associated deconvolution of C1s fitted with three sub-peaks (For interpretation of the references to color in this figure, the reader is referred to 

the web version of this article.). 
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harging on insulating surfaces (e.g., those of cells), which greatly 

nhances the ability to visualize bacterial cells at high magnifica- 

ions. 

. Results and discussion 

.1. SEM and XPS 

Microscopic observations of graphene synthesized at differ- 

nt power of deposition are shown in Fig. 2. a–d. At RF power 

f 300 W, the early growth phase of separated graphene nano- 

slands ( Fig. 2. a) can be observed on the substrate initiating C sp 

3 -

ybridized nucleation centers. The average size of each nano-island 

tructure was ranging between 10 and 20 nm. When the power of 

eposition was increased to 400 W, a slight increase in the size of 

raphene islands was achieved, around 15 to 40 nm. The increase 

n the size of graphene islands at the higher applied power can be 

ttributed to the greater dissociation rate of precursor molecules; 

n addition to an increase in the generated electrical field with suc- 

essive carbon diffusion on the edges (due to strong in-plane C–

 covalent bond). Although graphene structures formed at 400 W 

ere greater in number, and larger in size with less interspacing 

rea, they again did not fully cover the substrate ( Fig. 2 b). Never- 

heless, with an increase in RF power to 500 W, significantly larger 

anowalls were formed with an interconnected network configura- 

ion of graphene completely covered the substrate, as represented 
4 
n Fig. 2 c & d. The length of formed graphene walls was between 

50 and 300 nm, with widths varied between 10 and 40 nm. 

Upon increasing the applied RF power to 500 W, the density of 

ormed graphene nano islands increased and those standing verti- 

ally on the substrate continued to grow faster. As active plasma 

ontinually generates carbon atoms, those nano islands coalesce, 

esulting in the creation of densely connected vertically standing 

aze-like architecture with sharp top boundaries [ 30 , 42 ]. We esti- 

ated the total length of the top edges in 1 cm 

2 area of VG 500 

ample as 2.4 ± 0.06 km using ImageJ software. In addition, sev- 

ral nano-cavities (circular shape) with an average radius 15 nm 

ppeared among the graphene nanowalls (highlighted in yellow in 

ig. 2. d). 

SEM data emphasized the significant influence of RF power on 

he resultant graphene growth. When the RF is applied, the precur- 

or molecules become subject to inelastic collisions with energetic 

lasma electrons, generating free radicals, ions, and other active 

pecies. Indeed, higher RF power yields a comparatively greater 

hemical potential gradient at the substrate surface by ion focus- 

ng effects; and hence fast supply of precursor fragments. At the 

ame time, plasma field increases the temperature of the top sur- 

ace of the substrate, which further enhances the subsequent pre- 

ursor dissociation. Effects of substrate heating on the dynamics of 

G growth in PECVD has been discussed here [42] . 

The surface growth of graphene in a catalyst-free bottom-up 

cheme occurs by adsorption of C 

–H radicals onto the surface and 

reation of an amorphous carbon layer (with some graphitic struc- 
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ures) on the substrate. Due to ion bombardment, defects and 

mmobilized free radical (dangling bonds) are formed leading to 

he creation of active nucleation sites. Those active sites develop 

y migration of carbon species and development of nano-islands 

ossessing large quantities of dangling bonds. The nucleation of 

raphene nano-sheets on dangling bonds initiates 2D structures 

ith random orientations, which then act as a subsequent growth 

emplate. The available carbon atoms in the plasma continuously 

ond to the active edge of freshly formed graphene sheets. In par- 

icular, vertical structures that are perpendicular to the substrate 

urface develop faster (due to electric field effect) and shadow 

ower counterpart sheets, as a result the former sheets grow much 

aster, forming vertical graphene nanowalls. 

Fig. 1. e presents full XPS spectra for graphene samples fabri- 

ated at several RF powers on SiO 2 substrates. The survey scan 

isplayed a single shape peak at a binding energy of ∼284 eV, 

hich corresponds to C1s band demonstrating that the formed 

aterial is predominated by carbon atoms. Besides, a relatively 

ower intensity peak identified at ∼531 eV corresponds to O1s 

and. The O1s probably arises owing to the exposure of graphene 

o the ambient air. Also, oxygen groups existing in the monomer 

omponents could be responsible for the detected oxygen bond 

5] . Apart from oxygen, there were no signal of any impurities 

or metal ions, signifying the absence of any catalyst in VOGNs 

ormation. 

The high resolution of XPS scan for C1s bond, presented in 

ig. 2 e, was analytically fitted with three sub-peaks. The deconvo- 

ution showed that the main peak at ∼284.8 eV associates with 

p 

2 hybridized carbon (C = C) of graphitic crystal. Besides, a mi- 

or peak at 285.3 eV relates to sp 

3 hybridized carbon of (C 

–H), 

C 

–OH) and (C 

–O-C) groups. It is known that graphitic structures 

xposed to high temperature are more inclined to adsorb mois- 

ures upon interaction with the atmosphere via the highly ac- 

ive graphene sites (e.g., defects and edges) [43] . However, the 

ortion of sp 

2 –hybridized carbon is larger than sp 

3 -counterpart 

arbon indicating the quality of the fabricated graphene. More- 

ver, the shake–up energy loss was identified as a very low in- 

ensity peak at ∼289.4 eV [44] . Using Casa XPS software, the 

tomic concentrations were calculated revealing that carbon rep- 

esents 98.37% of the entire sample, while oxygen represents only 

.97%. Overall, the spectra of VG 300, VG 400 and VG 500 sam- 

les appeared identical. No major chemical shifts or asymmetry in 

he carbon and oxygen peaks could be distinguished for all sam- 

les. The growth conditions in our experiments did not promote 

he formation of Si-C alloy (carbides) at the SiO 2 /nano-graphite 

unction. 

.2. Raman 

In general, the presence of G bands proves the graphitic nature 

f the fabricated material, while the presence of symmetrical 2D 

ands confirms the formation of graphene structure. On the other 

and, the first-order d -peak does not appear in pristine graphene 

amples due to crystal symmetries [45] . 

In order to evaluate the carbon bonding structure of the resul- 

ant GNWs, Raman spectra were attained and displayed in Fig. 3 . 

ll samples showed D, G and 2D bands confirming the creation of 

ultilayer graphene structures. 

D-peak is generated when a charge carrier is excited and in- 

lastically scattered by an adjacent phonon, then a second elas- 

ic scattering must be achieved by an existing defect (or zone 

oundary) to cause a recombination. This turns out to be Ra- 

an active peak after neighboring sp 

2 carbons are transformed 

nto sp 

3 -hybridization [ 29 , 46 ]. D -band is indexed to zone-boundary 

honons owing to disorders (e.g., edges, fullerene-like structure, 

w

5 
efects, and folds) in graphene material [8] . In Fig. 3 b & c, a 

harp d -peak appeared at 1339 cm 

−1 and 1338 cm 

−1 for VG 400 

nd VG 500 samples, respectively. VG 300 samples showed a very 

eak/broad d -peak at 1341 cm 

−1 . This suggested that more defec- 

ive graphene structures were formed at lower power of synthe- 

is, with a higher quantity of defects and open edges. It is worth 

o mention that D -band may show higher intensity when sam- 

les are measured near to the edge of the sample, where the inci- 

ence of higher defects probability is expected owing to abundance 

f exposed-graphene-ends (allowing elastic backscattering of elec- 

rons) [47] . 

G-peak is associated with an E 2g in-plane vibrational mode of 

p 

2 -bonded carbon. G-peak of the VG 300 samples revealed low 

ntensity and emerged at around 1588 cm 

−1 , indicating that the 

ample might involve nano-crystalline graphitic structures. The in- 

ensity of G-peak significantly enhanced and slightly shifted down 

ith increasing the RF power to 400 W, emerging at 1567 cm 

−1 

nd suggests the improvement in crystallinity degree. The posi- 

ion of G-peak further shifted down for VG 500 appearing at 

574 cm 

−1 . The absence of the D‘-peak for all samples was also 

vident. D‘-peak is related to the finite sp 

2 crystallite size, and ap- 

ears on the G-peak as a small peak [8] . In some cases, the D‘- 

and does not appear in the Raman spectra due to the exposure 

f growing graphene to energetic plasma species, which previously 

eported on PECVD graphene syntheses [38] . 

2D-peak is generated from the second order of the zone- 

oundary phonons, typically linked to the number of the fabricated 

ayers (stacking order) in the graphene matrix. The broadening of 

D-peak and its position shifts up with the increase of graphene 

ayers. The VG 300 samples exhibited very low magnitude of 2D- 

eak in the Raman spectra at 2686 cm 

−1 , which implies a high de- 

ree of amorphous carbon structure [48] . With increasing process- 

ng power for VG 400 and VG 500 samples, significant 2D-peaks 

ppeared at 2669 cm 

−1 and 2673 cm 

−1 , respectively. The drastic 

ncreases in the intensity of the 2D-band confirms the growth of 

G walls on the given substrate. 

The I D /I G ratio reflects the structural quality of graphene, as 

he crystallinity of the sample enhances when the I D /I G decreases. 

he I D /I G ratio of VG 300 was calculated to be 1.24, indicating the 

resence of defects in the formed graphene [38] . At higher power 

f deposition, VG 400 and VG 500 samples, the I D /I G ratio was 

.87 and 0.89, respectively. Hence, the graphene nanowalls pro- 

uced at 400 W showed a relatively less disordered structure com- 

are to VG 300 sample. Furthermore, I D /I G ratio can be employed 

o estimate graphene grain size based on the following relation: 

 a = C( λ) × (I D /I G ) 
−1 , where La is grain size, λ is the wavelength

f employed laser, and C( λ) is a constant estimated through the 

quation C( λ) = (2.4 × 10 −10 ) × λ4 [ 49 , 50 ]. The grain size was de-

ermined as 16.7 and 19.6 nm for VG 300 and VG 400 samples, 

espectively. The grain size in this study is comparable to typi- 

al GNWs reported in the literature. For example Khalid et al. ob- 

erved that when the plasma power increases, the graphene grain 

ize also increases, showing 21 and 23 nm for different growth 

emperatures [51] . Using PECVD at extremely low growing temper- 

ture ( < 560 °C), Zhang et al. measured the crystallite size to be 

etween 9.6 and 18.0 nm for different growth periods [52] . Mano- 

kumar et al. found that the PECVD-graphene grain size is 17 nm 

53] , and Mohd. Saman et al. reported a relatively small crystallite 

ize in the range of ∼7.5 nm for PECVD-graphene [54] . It is reason- 

ble to say that the results of the grain size reported in this study 

re in good agreement with previous findings. 

The I 2D /I G ratio was calculated to be 0.32, 0.73 and 0.77 for 

G 300, VG 400, and VG 500, respectively, indicating an increase 

n the number of graphene layers with increasing RF power. The 

ssociated full width at half maximum (FWHM) of the 2D peak 

as around 116, 80 and 74 cm 

1 for VG 300, VG 400, and VG 
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Fig. 3. Raman spectra of the VG films fabricated at different growth RF powers, with respective ID/IG and I2D/IG values. 
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Table 1 

Surface roughness profiles for VG samples acquired using AFM at scanning area 

of 5 μm × 5 μm. 

Roughness parameter VG 300 VG 400 VG 500 

Average Roughness, S a (nm) 4.1 ± 0.6 5.2 ± 0.8 43.9 ± 7.2 

Root Mean Square, S q (nm) 5.6 ± 0.3 6.6 ± 0.5 57.3 ± 5.4 

Max Surface, S m (nm) 28.6 ± 1.7 61.0 ± 3.1 410.8 ± 17.8 

Surface skewness, S sk 4.4 ± 0.3 2.8 ± 0.4 1.5 ± 0.2 

Coefficient of kurtosis, S ka 3.6 ± 0.6 3.8 ± 0.1 2.1 ± 0.3 

p

(

m

p

0

p

S  

M

i

o

c

t

t

t

e

p

t

e

l

w

00, respectively. From the values of the I 2D /I G intensity ratios 

nd FWHM, it is possible to confirm the formation of few layered 

raphene samples. 

It is evident from the Raman spectra that the structures pro- 

uced are highly dependent on the applied RF power. While VG 

00 samples were more amorphous and revealed high defects, Ra- 

an spectra of VG 400 and VG 500 are very similar (both sam- 

les have very-close values of I D /I G and I 2D /I G ). This indicates that 

he graphene synthesized at 400 and 500 W had almost similar 

tructural properties. However, SEM observations in Fig. 2 c showed 

hat the substrate was only fully covered by graphene in the case 

f samples produced at 500 W. It can be understood that increas- 

ng the RF power from 400 to 500 W had trivial influence on the 

tructural properties and at the same time major influence on the 

rowth rate of the formed graphene. Due to the strain energy at 

he edges and/or defects of early formed graphene at 400 W, the 

ntermediate layer might be incapable to continue to grow bulk 

rystal, which triggers a transition from horizontal 2D complete 

lms to discontinued 3D nano-islands observed by SEM. The in- 

rease in plasma power (300 to 500 W) increased the decom- 

osition rates, temperature, momentum and density of generated 

ons, electrons and other energetic species [30] . Accordingly, much 

igher growth rate of graphene occurred and completely covered 

he surface. 

.3. AFM and contact angle 

Typical 3D AFM images with associated height profiles for 

G 300, VG 400, and VG 500 samples are presented in Fig. 4 . 

he related quantitative analyses of topographical parameters for 

hese samples are summarized in Table 1 . For VG 300 sam- 
6 
les, topographic parameters measured as: average roughness 

S a = 4.1 ± 0.6 nm), root mean square (S q = 5.6 ± 0.3 nm) and 

aximum peak height (S m 

= 28.6 ± 1.7 nm). With increasing RF 

ower to 400 W, those parameters slightly increased to S a = 5.2 ±
.8 nm, S q = 6.6 ± 0.5 nm, and S m 

= 61.0 ± 3.1 nm. At RF 

ower of 500 W, roughness parameters increased significantly to 

 a = 43.9 ± 7.2 nm, S q = 57.3 ± 5.4 nm and S m 

= 410.8 ± 17.8 nm.

oreover, the corresponding line spectrum of VG 500 samples 

n Fig. 4 c clearly shows nano-protrusion-like structures presented 

n the graphene sample. These protrusions could appeared from 

urved edges, flakes and folding that typically take place during 

he formation of graphene layers by PECVD. AFM indicated that 

he protrusions have, on average, a width of few tens nanome- 

ers and heights of few hundreds nanometers, signifying the pres- 

nce of ultra-thin and sharp edges on the surface of the sam- 

le, as demonstrated by the SEM observations in Fig. 2 d. These 

opographical structures are commonly detected in vertical ori- 

nted graphene; for instance Wei et al. recently reported a simi- 

ar surface profile of vertical graphene involving sharp protrusions 

ith heights around 250 nm grown on SiO 2 substrates [15] . The 
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Fig. 4. a, b & c AFM 3D images, corresponding surface profiles and heights distributions of VOGNs samples fabricated at different RF powers. (d) static water contact angle 

on VOGNs surfaces. 
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uantitative roughness values for VG 500 samples are also in a 

ood agreement with previously published reports. Akbari et al. re- 

orted roughness parameters of S a = 47.84 nm, S q = 62.16 nm and 

 m 

= 226.6 nm for graphene produced at 400 W using electron 

yclotron resonance–chemical vapor deposition system (ECR-CVD) 

55] . Gao et al. reported different values of the root mean square 

oughness (S q = 95, 100 and 112 nm) for PECVD-graphene fabri- 

ated at 400 W at different base pressures [56] . A roughness (S a ) of

8.56 nm was also reported by Abidinet et al. for vertical graphene 

abricated at 40 W and 10 0 0 °C [57] . Further studies found the

oughness parameter (S m 

) of vertically oriented graphene nano- 

ills to be 31 nm, with an average height of 15 nm [58] . However,

ompared to stacked 2D graphene, the vertically oriented graphene 

as specific features such as high surface area, great roughness de- 

ree and very long edges giving exclusive functionalities. Such a 

roperty would facilitate its integration in low-cost, eco-friendly, 

elf-cleaning surfaces. 

Surface skewness parameter (S sk ) can be used to further define 

he distribution of the presented protrusions on the graphene sur- 

aces with respect to the mean line. Surface skewness measures 

he irregularity of deep valleys or high peaks determining the sym- 

etry of the deviations of a surface configuration. All samples in 

his study were found to be positively skewed, and the maximum 

alue of skewness was found to be 4.4 nm for VG 300 sample. 

n addition, surface kurtosis (S ka ) was used to describe the distri- 

ution of the protrusions, where distributions with positive kurto- 
7 
is are considered by high peaks, while distributions with negative 

urtosis are characterized by flat-topped curves. We observed sam- 

les produced at 400 W possessed relatively higher kurtosis value 

S ka > 3), indicating a more spread-out height distribution for 

hese surfaces compared to other samples. Samples fabricated at 

00 W revealed considerably different values of S sk and S ka , which 

s likely that the distribution of peaks on the substrate, rather than 

heir entire magnitude, may play an important role in the shaping 

f the morphology of the graphene. We assume that the surface 

f VG 500 is largely dominated by high peaks with irregular great 

eviations from the main line. It can also be observed that skew- 

ess and kurtosis factors of all VOGNs samples in this study did 

ot follow a specific pattern with the respective to the applied RF 

ower. 

Static water contact angle data were recorded for VOGNs sam- 

les on a minimum of three points for all samples. SiO 2 used as 

ubstrates possessed water contact angles around 35 ̊ . In each test, 

he drop profile was acquired for 60 s by video camera and numer- 

cally solved. As presented in Fig. 4 d, the mean water contact an- 

le for VOGNs surfaces were measured to be 65, 90 and 123 ˚ for 

G 300, VG 400 and VG 500, respectively. The fabricated graphene 

ignificantly changed the hydrophilic nature of the SiO 2 substrates 

o a hydrophobic surface, where the applied RF power played an 

mportant role on the resultant wettability of graphene. The high 

alue of contact angle for VG 500 indicates that a high ratio of 

p 

2 -hybridized bonding (as demonstrated by Raman) and electrons 
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Fig. 5. TEM images of VOGNs samples fabricated at 30 0, 40 0 and 500 W, insets show high resolution images with the lattice spacing value for the resultant graphene films. 
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oupling effects enhanced the repellent of polar liquids like water. 

urthermore, the cavities formed by interweaved graphene walls 

ould effectively participate into the hydrophobic surface perfor- 

ance [59] . A similar dependency of graphene wettability on ap- 

lied power was observed by Bayram et al., since they reported 

ontact angles to be 86, 99 and 102 ° for increased RF power in a 

ECVD system [60] . The wettability can be adjusted depending on 

he RF power of graphene fabrication, which can be used in many 

seful applications such as self-cleaning windows and water col- 

ection devices. 

The stable electronic structure of graphene results in a rela- 

ively low surface energy. The attraction from the non-polar lat- 

ice to water molecules is weaker than the binding energy among 

ater molecules [50] . Consequently, the roughness and the sur- 

ace chemistry of the graphene walls produce a highly hydropho- 

ic surface. It is worth to mention that the roughness can result in 

he increase in the wettability of the graphene surfaces. According 

o Wenzel equation, rougher surfaces will produce a larger con- 

act angle [56] ; accordingly the increase in the wettability with 

 higher RF power in this study could be also attributed to the 

igher surface roughness with the increasing power of deposition. 

owever, the wetting behavior of graphene broadly depends on 

nterconnected effects of several extrinsic and intrinsic elements 

ncluding chemical structure, topography, layers number, oxygen 

unctionality, crystallinity and defects [ 61 , 62 ]. 

Though hydrophobic or hydrophilic characteristics of graphene 

ay not be primarily responsible for the enhanced mechano- 
8 
actericidal activity of vertically oriented graphene, they may play 

n important role in determining the adhesion forces between bac- 

erial cells and graphene nanosheets. Studies have demonstrated 

hat hydrophobic graphene prevents bacterial adhesion on the sur- 

ace of the materials [63] . In another study, it was shown that 

. fluorescent cells have stronger adhesion on horizontal graphene 

xide as compared to randomly oriented graphene having vertical 

nd exposed edges [64] . 

.4. Transmission electron microscopy (TEM) 

SEM images represented the 3D organization of graphene nano- 

alls on the surface of the substrate. In order to unveil the fea- 

ures in graphene lattice, transmission electron microscopy (TEM) 

as performed. TEM images in Fig. 5 (high resolution images in 

nsets) show the quality of the lattice, the interlayer spacing, and 

lso the formation of what appears to be nano-onions incorpo- 

ated into graphene sheets. The interesting phenomenon of nano- 

nion formation (observed in Fig. 5 a) has been already reported 

y Alancherry et al. [35] , where they also used PECVD to grow 

raphene film. The unique features of PECVD i.e., high-energy ionic 

ollisions and high temperature are responsible for this simultane- 

us occurrence of deposition of graphene lattice and its defects, 

hich is otherwise achieved through multiple stages including 

ost-synthesis treatment. The nano-onions in our experiments are 

pproximately 10 nm or less in sizes. The TEM images of 400 W 

nd 500 W ( Fig. 5 a and b) clearly showed that the graphene is a
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Fig. 6. Antimicrobial activities of vertically grown graphene nanowalls produced by PECVD against E. coli and S. aureus bacteria; (a) confocal scanning laser microscopy 

visualizations (magnification of 63 X), where viable cells appeared green and dead cells appeared red stained by Invitrogen Dead/Live Kit; (b) statistical analysis displays 

the antibacterial outcomes of different graphene samples and quartz controls. The given data represent means ± SD ( n = 3); (c) proposed antimicrobial mechanism of VG 

samples through the physical damages to the microbial cell wall membrane by ultra-thin graphene sharp structures presented on the surface (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.). 
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ulti-layered structure with lattice spacing (0.33 nm) that is com- 

arable to previous reports on graphene structures fabricated by 

ECVD [ 35 , 65 , 66 ]. 

.5. Bacterial toxicity 

The antibacterial effectiveness of VOGNs samples was evalu- 

ted against rod-shaped E. coli (gram-negative cell) and round- 

haped S. aureus (gram-positive cell) in terms of bacteria viability 

sing Live/Dead cell confocal imaging. The ratio of live bacterial 
9 
ell against the total number of bacteria (both live and dead cells) 

as determined to calculate the antibacterial performance of the 

raphene. Bactericidal effectiveness of VG samples against E. coli 

acteria is presented in Fig. 6 a. After a 24 h incubation period, bac- 

erial cells were able to attach and normally grow on the surface 

f control (quartz), VG 300 and VG 400, whereas VG 500 samples 

evealed considerable bacterial toxicity. 

CLSM images clearly showed a much higher average number of 

ead bacterial cells on the surfaces of VG 500 samples compared to 

ll other sample groups. As displayed in Fig. 6 b, E. coli cell viability 
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Fig. 7. SEM of E. coli and S. aureus grown on quartz control and vertically oriented graphene samples produced at different RF power. The incubation time is 24 h, at 

temperate of 37 ̊ C. 
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as estimated to be approximately 82%, 81%, 78%, and 33% when 

ultured on the surfaces of control, VG 30 0, VG 40 0 and VG 500 

amples, respectively. This illustrates a significant reduction in the 

umber of live bacterial cells when exposed to vertical graphene 

anowalls. Similarly, the viability of S. aureus pathogen cells was 

pproximately 84%, 80%, 74%, and 37% when cells were cultured 

n the surfaces of control, VG 300, VG 400 and VG 500 samples, 

espectively. 

To further investigate the antimicrobial activities of VOGNs ma- 

erials, microbial morphologies of incubated E. coli and S. aureus 

icroorganisms (24 h incubation time) were observed by SEM. 

ig. 7 shows that pathogens incubated on surfaces of control, 300 

nd 400 W were intact, since they revealed structure integrity 

ith no noticeable damage to the bacterial body. In contrast, a 

arge fraction of cells attached to the VG 500 surfaces had signifi- 

ant morphological changes, where microbial cell walls appeared 

bnormal, deformed and pimply. The cell wall damage indicates 

hat the sharp edges and blade-like structures of VOGNs might 

everely injure and/or penetrate microbial membranes. This ob- 
10 
ervation points toward biological death followed to the affected 

icroorganism upon direct exposure to VG 500. Yet, several dead 

acteria (that remain on the surface of the sample) may cover 

he graphene walls immediately under their surface, serving as a 

otential safe platform for other planktonic cells to attach from 

he above liquid phase [16] . Although some cells on VG 500 ap- 

eared unharmed/intact, a quantitative evaluation of SEM data 

uggest that physical damage to a large number of bacterial cells 

ccurred in both gram negative and gram positive cells, as shown 

n Fig. 7 for VG 500. Our findings are in a good agreement with re- 

ently accomplished studies. For example, a recent report showed 

hat bacteria suffered various stress activities (e.g., DNA damage 

r inhibition of replication) during attachment to vertical graphene 

lms grown by PECVD [15] . Similarly, Lu et al. observed that ver- 

ically oriented graphene oxide nano-sheets revealed a substan- 

ially higher degree of antibacterial performance against bacte- 

ial cell, compared to randomly oriented and horizontal graphene 

11] . They noticed that antibacterial performance of VG structures 

omes from an increased density of edges with a preferential align- 
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ent for bacterial membrane distraction [11] . Pandit et al. also 

ound that the edges of vertically aligned graphene flakes (heights 

f 60 and 100 nm) were able to roughly penetrate microbial mem- 

ranes and drain the cytosolic content, with cells incapable to de- 

elop resistance upon multiple exposures [16] . Further studies em- 

hasized the importance of sharply-edged structures of graphene 

o significantly inhibit different microorganisms (e.g., viruses) upon 

irect interaction [67] . The roughness of graphene also affects its 

ntibacterial performance since the antibacterial performance of 

raphene oxide films is governed by the relative surface roughness 

ith respect to the microbial size [21] . 

As shown in Fig. 6 b, VG 500 samples revealed a slightly higher 

ntibacterial efficacy against E. coli than S. aureus . This can be at- 

ributed to inherent differences in the cell wall composition in 

ram-negative and gram-positive microorganisms. A gram-positive 

ell has a thick peptidoglycan layer that consists of teichoic and 

ipoteichoic acids, while a gram-negative cell has a thin peptidogly- 

an layer and a superficial membrane that consists of lipopolysac- 

harides, phospholipids, and proteins [ 14 , 68 ]. Even though gram- 

egative cells have a much thinner layer of peptidoglycan, they 

ave an additional layer of the outer membrane [69] . Hence, a 

ram-negative cell ( E. coli ) retains a stiffer envelop that affords 

ore resistance to the sharp edges of vertical graphene, compared 

o a gram-positive cell ( S. aureus ). Some researchers had reported 

 similar tendency of difference between bacterial species in re- 

ponding to graphene nanomaterials [15] . Nonetheless, other stud- 

es revealed that graphene nanostructures are more toxic to gram- 

egative bacteria than gram-positive bacteria [70] . 

Apart from the physical effects of VG structures, the interac- 

ion between VG surfaces and microorganisms can cause chemi- 

al oxidation to bacterial biomolecules, involving the formation of 

oxic reactive oxygen species (ROS). High concentrations of ROS 

e.g., singlet molecular oxygen and superoxide anions) induced by 

raphene can lead cells to enter a state of oxidative stress, caus- 

ng extra destruction to microbial cellular components such as 

NA, lipids, proteins and gradual degeneration of cell membrane 

 70 , 71 ]. However, it has been proposed that the graphene may ex- 

ract phospholipid molecules from the lipid layers of the mem- 

ranes triggering distortion and irreversible damage of the cell 

embrane [19] , as illustrated in Fig. 6. c. It is clear that the deacti-

ation mechanism of graphene materials is still controversial. This 

s probably because graphene could be prepared with very dissim- 

lar properties (e.g., size, layers number, morphology, presence of 

xygen, electronic configuration, hydrophilicity, quality, defect den- 

ity, etc.) that make it challenging to predict a precise antimicro- 

ial model/mechanism [ 14 , 21 ]. However, our findings emphasize 

he effectiveness of sharp edges of vertically oriented graphene 

o yield irreversible physical damages in microorganisms. Perhaps, 

ynergistic effects introduced by the surface roughness and distinc- 

ive sharp topographical features along with the hydrophilic nature 

f the VG 500 surface contributed to the observed antimicrobial 

haracteristics. Indeed, further in-depth experiments are required 

o shed more light on the influence of different topographical fea- 

ures of VG surfaces on the antibacterial outcome. 

. Conclusion 

Vertically oriented graphenes present a particularly attractive 

aterial platform for the control of cell-surface interactions as 

hey maximize the exposure of the cells to the graphene reactive 

dges. Uniform vertical graphene walls from Pelargonium grave- 

lens extract is synthesized using single-step, well-controlled and 

atalyst-free PECVD. Raman spectra confirmed the graphene pres- 

nce and indicated that more defective graphene structures were 

reated at lower fabrication power. SEM imaging showed the grad- 

al evolution of interconnected graphene wall networks on the 
11 
urface of the substrate, with well-resolved architectures formed at 

00 W, where the average length of each wall is ∼150 to 300 nm, 

nd the width is ∼10 to 40 nm. XPS confirmed that the level 

f sp 

2 –hybridization was characteristic of high-quality graphene, 

ith the atomic fractions of carbon and oxygen at 98.37% and 

.97%, respectively. The fundamental characteristics showed that 

he graphene is of good quality and is vertically aligned. The VG 

raphene exhibited hydrophobic characteristics and high surface 

oughness values. The antibacterial performance of the material 

as demonstrated toward important human pathogens. Our data 

mphasizes the physical nature of the observed bactericidal ef- 

ects of vertically oriented graphene performing as a knife-edge to 

amage the bacterial cell membrane. The developed graphene has 

hown an impressive potential in tackling various aspects of mi- 

robial infections in antibacterial surface applications. 
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