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A B S T R A C T   

It has been reported that vertical graphene (VG) has the capability to be a photocatalyst. In previous studies, the 
morphology evolution of the VG films synthesized by the plasma-enhanced chemical vapor deposition (PECVD) 
process has been investigated. This work focuses on the impact of the morphologies of the VG films on photo
catalytic properties. Three morphologies of the VG films, VG with porous graphene (VG-P), ‘forest-like’ graphene 
(VG-F), and ‘wall-like’ vertical graphene (VG-W), are fabricated and the photodegradation properties are 
investigated. In order to enhance the photodegradation property of the VG films, the surface of the VG films with 
different morphologies is treated with oxygen plasma, in which the oxygen plasma treated VG-P, VG-F, and VG- 
W are named as VG-P-O, VG-F-O, and VG-W-O, respectively. As a result, the VG-P-O shows the best degradation 
performance of 82.6% for methylene blue and 86.7% for methyl orange, which is attributed to the desirable 
porous structure and the modified hydrophilicity.   

1. Introduction 

Graphene has become a promising material in the field of photo
catalysis due to its prominent electrical conductivity [1], high carrier 
mobility at room temperature [2], large specific surface area [3], and 
easy modification of the surface functional groups [4]. However, the 
graphene-based materials encounter the challenge of self-restacking 
derived from the high surface energy. The vertical graphene (VG) can 
avoid the restacking issues through the vertical growth of the graphene 
sheets [5]. It has been demonstrated that the vertical graphene nano
walls can efficiently adsorb the sunlight, separate the photo-generated 
charge carrier and promote the charge transport, which are the most 
important features of the photocatalysts [6]. 

Accordingly, Guirguis et al. has successfully prepared the vertically 
aligned graphene nanosheets and accomplished the photocatalytic dye 
degradation, proving that the VG has the ability to be as a photocatalyst 
[5]. However, for carbon materials, the surface morphology and struc
ture significantly affect their properties. For example, Brownson et al. 

reported that the taller VG structures provided better heterogeneous 
electron transfer rates, demonstrating that the edge plane sites are the 
primary source of electron transfer in carbon materials [7]. Ghosh and 
coworkers tuned the gap between the vertically aligned graphene 
nanosheets to control the hydrophilic property with the contact angle 
from 103◦ to 135◦ [8]. Besides, the doping of heteroatoms also has a 
crucial influence on the properties of VG. Li’s group reported that the 
nitrogen-doped vertical graphene exhibited enhanced hydrogen evolu
tion reaction performances due to the enlarged surface area and opti
mized electronic structure due to the introduction of nitrogen 
heteroatoms [9]. These works indicate that the VG possesses photo
catalytic properties, yet it’s not clear whether the morphology affects 
the photocatalytic performances. 

In this study, we focus on the impact of the morphology on the 
photocatalytic properties of the VG films. Three morphologies of the VG 
films, porous graphene, ‘wall-like’ graphene, and ‘forest-like’ graphene, 
are fabricated via the plasma-enhanced chemical vapor deposition 
(PECVD) process by controlling the growth conditions. The structure- 
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photodegradation relationship of the VG films is investigated towards 
the degradation of organic dyes, methylene blue (MB) and methyl or
ange (MO), under the ultra-violet (UV) stimuli. As a result, the porous 
graphene shows the highest degradation rate of 75.0% for MB and 
83.4% for MO. Further surface treatment by oxygen plasma is applied to 
append oxygen-containing functional groups on the VG nanosheets, 
which ameliorates its hydrophilicity and enhances the photocatalytic 
properties. With the demonstrated relationship between the morphology 
and the photocatalytic capabilities of the VG films, we believe that the 
properties of the VG films can be effectively controlled by adjusting the 
morphologies, demonstrating the broader application adaptability of the 
VG films. 

2. Materials and methods 

2.1. Preparation of the VG films 

The VG films with different morphologies were prepared by a PECVD 
process as reported in previous studies [10–13]. In brief, a quartz of 1 ×
1 cm2 was used as the substrate and located in the heating area of a 
tube-type inductive coupled PECVD system. A mixture of H2 and C2H2 
were used as precursors at a flow rate of 3 and 1 sccm, respectively. 
Then, the VG with porous structure (VG-P), ‘wall-like’ vertical graphene 
(VG-W), and ‘forest-like’ graphene (VG-F) were synthesized at different 
conditions as listed in Table 1. 

Furthermore, the oxygen-treated VG films were also prepared. The 

VG films with different morphologies were treated with oxygen plasma 
under the O2 flow rate of 3 sccm for 4 min at room temperature in 
PECVD. Accordingly, the VG-P, VG-F, and VG-W after oxygen plasma 
treatment were named VG-P-O, VG-F-O, and VG-W-O, respectively. 

2.2. Photocatalytic degradation 

Cationic (MB, 90%, Aladdin Co.) and anionic (MO, 96%, Aladdin 
Co.) dyes with the concentration of 5 mg L-1 were prepared as organic 
pollutants for photocatalytic degradation. Firstly, the VG catalyst was 
immersed in 3 mL of dye solution for 30 min to reach an equilibrium of 
adsorption/desorption in darkness. Then, the solution was exposed 
under the ultraviolet light source of 365 nm at a power density of 180 
mW cm-2 for 240 min, during which the absorbance of the solution was 
measured every 10 min. The blank controller was conducted following 
the above process without the VG catalyst. 

2.3. Characterizations 

The morphology and microstructure were observed by a scanning 
electron microscope (SEM, HITACHI, SU-8010). Raman spectra were 
recorded on a Horiba Scientific LabRAM HR Evolution with a laser 
operating at 532 nm. The static contact angles were measured by 
dropping 5 μL of water droplets on the VG surfaces through a syringe 
device and analyzed by a digital goniometer (KRÜSS, DSA25B). The 
absorbance was measured with an Ultraviolet–Visible-near-IR Spec
troscopy (UV–Vis–NIR, PerkinElmer Lambda 1050+). 

Standard curves of concentration vs. absorbance of dye solution were 
measured according to the Beer’s Law and shown in Fig. S1. MB and MO 
solutions with different concentrations (0.1, 0.2, 0.5, 0.8, 1, 2, and 5 mg 
L-1) were prepared. The maximum value of the absorbance at the 
wavelengths of 675 nm for MB and 479 nm for MO were measured to 
plot the standard curves. Accordingly, the equation of standard curves 
was calculated as follows: 

Table 1 
Growth conditions of the VG films with different morphologies.   

Growth Time (min) Temperature (◦C) Plasma Power (W) 

VG-P 60 700 280 
VG-F 60 800 280 
VG-W 60 700 120  

Fig. 1. Top-view and cross-sectional SEM images of the VG-P (a), VG-P-O (b), VG-F (c), VG-F-O (d), VG-W (e), and VG-W-O (f).  
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MB: A= 0.26625C − 0.00644  

MO : A= 0.06896C − 0.02804  

where the C is the concentration (mg L-1), and the A is absorbance. The 
photodegradation efficiency was calculated using the following 
equation: 

η(%)= − (C − C0) /C0 × 100  

where the η is the photodegradation efficiency, the C is the current 
concentration (mg L-1), and the C0 is the initial concentration (mg L-1). 
In addition, the photodegradation rate K (min-1) was calculated using 
the following equation: 

K × t= − ln(C /C0)

where the t is degradation time (min). 
Besides, the half-life time value was calculated from the K, as the 

following equation [5]: 

t1/2 = ln(2)
/

K  

where the t1/2 is the half-life time of the degradation process. 

3. Results and discussion 

3.1. Structural characterizations 

Morphologies of the VG films before and after oxygen plasma 
treatment are illustrated in Fig. 1a–f. The obvious morphology differ
ences of the VG-P, VG-F, and VG-W in Fig. 1a, 1c, and 1e indicate the 
morphology of the VG films is successfully steered by controlling the 
deposition conditions during the PECVD process. The VG-P shows a 
porous structure with a compact pileup of small graphene nanosheets 
(Fig. 1a). The VG-F presents a ‘forest-like’ structure with the graphene 
nanosheets packed into graphene ‘trees’ because of the high density and 

activities of the ions and radicals derived from the high temperature and 
plasma power (Fig. 1c). And the VG-W shows a morphology with 
randomly and vertically aligned graphene microflakes (Fig. 1e). It is 
worth noting that the height of the VG films is cut down after the oxygen 
plasma treatment while the cross-sectional morphology does not change 
obviously (Fig. 1b, 1d, 1f and Table S1). However, the top-view mor
phologies of the VG-F and VG-W change on the surface, that is, the top 
surface of the VG flakes is dependently and vertically oriented other 
than conglobated. During the oxygen treatment, the top clusters of the 
VG-F and VG-W are etched into small flakes while maintaining the initial 
cross-sectional structure. 

The crystalline structure of the VG films is further characterized by 
Raman spectroscopy. As depicted in Fig. 2a and b, peaks at 1348, 1600, 
and 2683 cm-1 are obtained corresponding to the typical D, G, and 2D 
peaks of graphene. The graphitic crystalline structure of the VG can also 
be demonstrated by the transmission electron microscopy (TEM) char
acterizations in our previous studies [12,14]. Generally, the integrated 
intensity ratio of the D to G peaks (ID/IG) is used to show the imper
fection of carbon materials, that is, a larger ID/IG value indicates a higher 
defect level. In the PECVD process, reactions are complex that the active 
radicals and ions synergistically work in a balance of the etching and 
deposition effects [14]. As a result, strong D peaks are observed in the 
VG-P, VG-F, and VG-W, which are induced by the etching effect. More 
defects are induced after the oxygen treatment that the ID/IG ratios are 
increased in the VG-P-O, VG-F-O, and VG-W-O, as presented in Fig. 2c. 

A better hydrophilic property of the VG films can benefit the acces
sibility of the pollution to the surface of the graphene flakes. Thus, the 
contact angles of the VG films with different morphologies are evaluated 
in Fig. 2d. Graphene has an intrinsic contact angle of 85◦–90◦ [15]. 
Owing to the exposed sharp edges [16], all the VG films exhibit an 
ultra-high hydrophobic property that the water drop shows a mellow 
droplet shape on the VG film surface with contact angles over 148◦. 
However, after the oxygen functional groups and defects are induced to 
the VG films by the oxygen plasma treatment, a great decrease of the 
contact angles occurs that the water drop infiltrates the VG films 

Fig. 2. The Raman spectra of the VG films before (a) and after (b) oxygen treatment. The ID/IG value changes of VG films before and after oxygen etching (c). Contact 
angles of the VG films before and after oxygen etching (d). 
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Fig. 3. The absorbance variation of the MB solution over time with the photocatalysis of VG films before (a) and after (b) oxygen treatment. The absorbance variation 
of the MO solution over time with the photocatalysis of VG films before (c) and after (d) oxygen treatment. 

Fig. 4. Photodegradation efficiency of the VG films with different morphologies for MB (a) and MO (b). The kinetic ratio evaluation of the K value of the MB (c) and 
MO (d) dyes. The photodegradation rate and the half-life time of the VG films for MB (e) and MO (f) degradation. 
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instantly. This result indicates the hydrophobic nature of the VG films 
can be changed to hydrophilic by the oxygen plasma treatment, which 
will promote the contact of the VG film surface with the pollution so
lution thereby facilitating the photodegradation. 

3.2. Photodegradation characterizations 

The cationic MB and anionic MO dyes are utilized to characterize the 
photocatalysis capability of the VG films under UV stimuli. Fig. 3 shows 
the absorbance variation of MB and MO over time under the catalysis of 
the VG films. The diminishing absorbance intensity, which confirms by 
the decreasing concentration of dyes in Fig. S2, indicates that the pho
todegradation process takes place with the VG catalysts. Besides, Fig. 4a 
presents the relative changes of the concentration of aqueous MB solu
tions over time, with an initial MB concentration of 5 mg L-1. The self- 
degradation under the UV stimuli is observed in the MB solution 
without VG catalyst that only 34.2% are degraded after 4 h, which is 
similar to the reported value [5]. The self-degradation can be ascribed to 
the photolysis of MB under the UV explosion [17]. By utilizing the VG 
films as the photocatalyst, the degradation is greatly enhanced. 
Impressively, the degradation strongly depends on the VG morphology, 
where the VG-P, VG-F, and VG-W exhibit high degradation of 75.0%, 
55.2%, and 60.8%, respectively. It is reasonable that the relatively 
denser porous structure of the VG-P can provide a much larger active 
surface area for contacting the pollutants and processing the degrada
tion reaction [18,19], resulting in a better degradation efficiency. 
Moreover, the degradation has been further promoted after the oxygen 
plasma treatment that the VG-P-O exhibited a degradation efficiency of 
82.6%, higher than that of VG-P. Impressively, the degradation of the 
VG-F-O and VG-W-O also increases to 81.4% and 81.2%, respectively. 
Meanwhile, a similar degradation performance is obtained for the 
anionic dye, MO, that the VG-P provides the highest degradation effi
ciency of 83.4% yet the VG-F and VG-W show relatively lower degra
dation efficiencies of 66.8% and 59.0%, respectively. Moreover, the 
increased degradation efficiencies of 86.7%, 80.2%, and 72.6% are ob
tained from the VG-P-O, VG-F-O, and VG-W-O, respectively. 

The photocatalytic kinetic constants are calculated and the results 
are shown in Table S2 and Fig. 4c and d. According to the Langmuir- 

Hinselwood kinetic theory, the degradation of MB and MO dyes agrees 
well with the pseudo-first-order kinetics for all the VG films [20,21]. As 
shown in Fig. 4e and f, and Table S2, the VG-P-O shows the best catalytic 
performance that the kinetic constants reach 75.3 × 10-4 min-1 for MB 
dye and 84.0 × 10-4 min-1 for MO dye. On the other hand, the oxygen 
plasma treatment of the VG films produces a greater promotion on the 
photodegradation property of MB than that of MO. For example, the 
kinetic constant increment of VG-F-O is 37.9 × 10-4 min-1 compared 
with the VG-F in MB solution, while that is only 22.4 × 10-4 min-1 in MO 
solution. It is by virtue of the enhanced adsorption of the positively 
charged MB molecules on the negatively charged VG surface that stems 
from the oxygen functional groups introduced by the oxygen plasma 
treatment. Moreover, as shown in Fig. 4e and f, the t1/2 of the VG films 
declines after the oxygen plasma treatment, among which the VG-P-O 
shows the shortest t1/2 of 92 and 82 min for MB and MO, respectively. 

Furthermore, in order to evaluate the recyclability of the VG films, 
the recycle test of the VG-P-O for MB is conducted for three cycles. As 
presented in Fig. 5a and b, the photodegradation efficiency, K values and 
the t1/2 maintain very well, indicating the desirable recyclability of the 
VG catalyst. Impressively, the photodegradation efficiency at the third 
cycle is slightly enhanced, which is believed to be contributed from the 
full infiltration of the dye solutions in the VG nanopores. 

The photodegradation process is illustrated in Fig. 5c. With the 
irradiation of light, the electron-hole pairs are generated in the graphene 
and migrated to the surface, which has the properties of reductibility 
and oxidability. Afterward, water molecules are oxidized to generate 
intermediates with high activity, e.g., hydroxyl groups, indiscriminately 
oxidizing the organic dyes to micromolecules [22,23]. Therefore, the 
degradation of the organic dyes is strongly influenced by the 
morphology of the VG films, which determines the active surface area of 
the VG catalyst. In addition, the function of the oxygen treatment is 
ascribed to the following reasons: firstly, the etching effect in the oxygen 
treatment changes the top structures of the VG-F and VG-W thereby 
exposing thin and sharp flakes so that increase the active surface area. 
Secondly, the wettability of the VG is greatly enhanced after the oxygen 
plasma treatment, thus improving the accessibility of the VG for the dye 
molecules in the solution. Thirdly, the defects and oxygen functional 
groups induced by the oxygen treatment provide more active sites for 

Fig. 5. Recycle test of VG-P-O for MB (a) and the corresponding photodegradation rate and half-life time (b). The schematic illustration for the degradation pro
cess (c). 
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catalyzing. As a result, the degradation capability of the VG films is 
greatly enhanced by the oxygen plasma treatment. Furthermore, MB, as 
a cationic dye, may electrostatically absorb on the negatively charged 
VG nanosheets raised by the oxygen functional groups, owing to the 
electrostatic interaction, which is believed to enhance the degradation 
efficiency [24]. Hence, the degradation efficiency increment after oxy
gen treatment is more effective for cationic than anionic dyes. 

4. Conclusion 

In this work, the VG films with three different morphologies, VG-P, 
VG-F, and VG-W, are prepared by a PECVD process with controlled 
growth conditions. The VG films show desirable photocatalytic prop
erties that are strongly dependent on the morphologies. Benefitting from 
the porous structure, a large active surface is obtained in the VG-P, 
which exhibits the best photocatalytic capability. Furthermore, the ox
ygen plasma treatment is utilized to induce oxygen functional groups 
that tune the VG films from hydrophobic to hydrophilic, thereby 
enhancing the photocatalytic performance of the VG films. As a result, 
the treated VG-P-O shows the highest photodegradation efficiency of 
82.6% for MB and 86.7% for MO. On the other hand, the oxygen plasma 
treatment also changes the morphologies of VG-F and VG-W that ex
poses sharp edges. Therefore, the treated VG-F and VG-W show an 
enhanced degradation efficiency of 81.4% and 81.2% for MB and 80.2% 
and 72.6% for MO, respectively. This investigation on the morphology 
and surface engineering of the VG photocatalyst has a guiding signifi
cance for the design of the carbon-based photocatalyst for environ
mental remediation applications. 
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