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ABSTRACT: Vertically oriented graphene (VG) with three-dimensional
architecture has been proved to exhibit unique properties, and its particular
morphology has been realized by researchers to be crucial for its
performance in practical applications. In this study, we investigated the
morphology evolution of VG films synthesized by the plasma-enhanced
chemical vapor deposition process, including porous graphene film,
graphene wall, and graphene forest. This study reveals that the morphology
of VG is controlled by a combination of the deposition and etching effects
and tailored by the growth conditions, such as plasma source power and
growth time and temperature. The plasma source power relates to the
number of branches of VG, and the growth temperature relates to the
thickness of each VG flake, whereas the growth time determines the height
of VG. Finally, the electrochemical properties of VG films along with
morphology evolution are investigated by fabricating as VG-based supercapacitor electrodes.

KEYWORDS: vertically oriented graphene, PECVD, graphene wall, graphene forest, porous graphene film,
morphology formation mechanism

■ INTRODUCTION

Vertically oriented graphene (VG), compared with conven-
tional two-dimensional (2D) graphene sheets, possesses
advantageous characteristics, including exposed sharp edges,
nonstacking morphology, and a high surface-to-volume ratio.1

VG has been predominantly achieved by the plasma-enhanced
chemical vapor deposition (PECVD) process with few
exceptions where sputtering techniques have been used1 and
has been widely studied as three-dimensional (3D) carbon-
based versatile building blocks for various applications, such as
supercapacitors,2−4 field emission devices,5 sensors,6,7 etc. It is
worth noting that the performances of VG in these applications
are related to its electrical conductivity and, more importantly,
its 3D morphology,8 including the alignment of vertical
graphene sheets, porosity of VG films, stacking of graphene
sheets in horizontal and perpendicular directions, thickness of
vertically aligned VG layers, and so on.
The reported VGs grown by the PECVD so far are

“graphene wall” (GW)8−13 and “graphene forest” (GF),14

where the wall flakes or the trees with piled flakes are the
configuration elements. Research studies on the GWs and GFs

have been carried out by controlling the height, density, and
alignment of the configuration elements. More importantly, the
emergence of GF subverts the structure stereotype of VG,
bringing the possibility to synthesize VG with more diversified
morphologies. However, the key synthetic factors affecting the
morphology of VGs have not been clearly understood and the
morphology control of VGs has not been achieved.
Accordingly, it is critical to identify a set of synthetic factors
affecting the morphology of VGs and to achieve the
controllable structure of VGs.
In this study, we investigate the growth-condition-dependent

structure of VGs. The morphology of VGs’ structure has been
analyzed according to plasma source power and growth time
and temperature to explore the PECVD process conditions for
growing VGs with a controllable morphology. Then, the
electrochemical performance of VGs according to the
morphology change was characterized by fabricating the
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supercapacitors with VG electrodes. We confidently believe
that this study has momentous guiding significance for
comprehensively understanding and exploitation of diversiform
VGs and for growing VGs with controllable structure
morphology, thereby achieving the customization of graphene
nanostructures and expediting the utilization of VGs for further
applications.

■ EXPERIMENTAL SECTION
Preparation of VGs. The synthesis method of VGs by the

PECVD technique has been reported in previous studies.14,15 In brief,
a 5 × 5 cm2 quartz plate was used as the substrate that was placed in
the heating zone of a tube-type inductive coupled PECVD system as
shown in Figure S1. Before the graphene growth, the PECVD
chamber was cleaned with hydrogen gas at a flow rate of 8 sccm and a
temperature of 800 °C for 5 min to remove surface oxygen on the
quartz substrate. Plasma was then generated with a radio frequency
source power of 200 W and worked subsequently for 3 min to further
remove contaminants on the quartz substrate. Then, VG was grown
by introducing C2H2 and H2 at the flow rates of 3 and 1 sccm,
respectively. The pressure inside the chamber was around 60 mTorr.
The VGs were obtained at different synthetic conditions, such as
plasma source power and growth time and temperature, which were
varied to research their effects on the morphology of VGs. The
experimental schemes are listed in Table 1 for the investigation of the
plasma source-power-dependent growth, the time-dependent growth,
and the temperature-dependent growth, respectively.

Fabrication of VG-Based Supercapacitors. Poly(vinyl alcohol)
(PVA) was utilized to prepare a polymer electrolyte. PVA (98−99%
hydrolyzed, medium molecular weight, Alfa Aesar) powder was
dissolved in deionized water (2 g PVA/20 mL H2O) and heated
under stirring to around 90 °C in an oil bath until the solution
became clear. Then, 1.6 g of concentrated phosphoric acid was added
to the solution with thorough stirring.

Three milliliters of the as-prepared PVA solution was directly spun-
coated onto the surface of VG on a quartz plate and dried in air. The
PVA/VG film was then carefully peeled off from the quartz substrate.
The PVA surface is quite sticky and therefore two pieces of the PVA/
VG films can stack together easily to form a VG/PVA/PVA/VG
structure. Two copper plates were applied to pack the stacked GF/
PVA/PVA/GF layers and worked as the current collectors.

Characterization of Materials. The surface and cross-sectional
morphologies of VGs on quartz substrates were examined with field
emission scanning electron microscopy (FE-SEM, JEOL, JSM7500F).
Carbon bonding structure of VGs was analyzed by Raman
spectroscopy (Renishaw, RM-1000 Invia) with a wavelength of 532
nm. High-resolution transmission electron microscopy (HRTEM,
JEM-2100F JEOL) images were also taken to show the structure of
the graphene flakes. The sheet resistance was measured using the
four-point probe method (Keithley 2420I−V) by selecting 10 random
points on the surface of each sample. The detector with linearly
arranged four probes was perpendicularly contacted with the surface
of sample at room temperature without additional treatment.
Electrochemical properties of the supercapacitor were analyzed with
a electrochemical workstation (Biologic, VSP-300).

■ RESULTS AND DISCUSSION
Effect of Plasma Source Power. Compared with the

conventional thermal CVD method for growing the single/
few-layer 2D graphene films, the PECVD growth can realize
the 3D pileup of carbon atoms owing to the sheath effect of the
plasma.16 Thus, during the process of growing VGs by
PECVD, the most direct and controllable parameter is the
source power of inductively coupled plasma. Herein, a series of
VGs are fabricated at different plasma source power, whereas
the growth time and temperature are fixed at 120 min and 800
°C, respectively. The evolution of morphology depending on
the plasma source power is illustrated by top and cross-
sectional SEM images in Figure 1a,b. At the plasma source

Table 1. Experimental Schemes of Growth Conditions

investigation schemes (#)
plasma source
power (W)

growth
time (min)

growth
temperature

(°C)

#1 for the
power-dependent
growth

40−280 120 800

#2 for the time-dependent
growth

280 10−120 800

#3 for the
temperature-dependent
growth

280 120 700−800
120 120 700−800

Figure 1. Dependence of VG morphologies and properties on plasma source power. Top-view (a) and cross-sectional (b) SEM images of VGs,
height variation of VGs (c), the intensity ratio of D to G peaks (d), and the sheet resistance of VGs (e) grown at different plasma source powers.
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power of 40 W, not GF, a microscale flat film with bare VG
sheets is obtained on the substrate (Figure 1b). However, with
the increase of the plasma source power, unlike thin nanosheet
in GW, thick vertically standing flakes start to appear at the
plasma source power of 80 W. With continuous increase of the
source power, the vertically standing flakes grow larger and
bushier, which look like “trees”, forming the GFs. Accordingly,
the height of GF also increases to a saturated value of 8.0 μm
at 160 W, as shown in Figure 1c.
Raman spectrum is an important detective method widely

used to reveal the quality of graphene and to estimate the
number of graphene layers.17 Unluckily, since each graphene
nanosheet in VG is composed of 10−20 layers of graphene
(Figure S2),14,18,19 rather than monolayer or few layers, it is
hard to estimate the layer numbers of graphene according to
the intensity ratios of 2D and G peaks (I2D/IG) from Raman

spectra. Nevertheless, peak intensity ratios of D and G peaks
(ID/IG) are applicable to characterize the level of disorder and
defects in graphene.20 The Raman spectra of VGs grown at
different plasma source powers and the ID/IG are shown in
Figures 1d and S3, respectively. As the plasma source power
increases, a very slight increment of ID/IG is observed. Hence,
we can conclude that the increase of plasma source power will
not significantly affect the level of disorder and defects in VGs.
Resistivity is another important property of graphene, which

directly affects the performance of graphene-based devices.
Because of the unique 3D morphology of VGs, the sheet
resistance is related to not only the quality of GF but also its
nanostructures. As shown in Figure 2d, the sheet resistance of
VGs decreases with the increase of plasma source power with
the exception of the flat graphene film grown at 40 W.
According to the SEM images in Figure 1, the graphene “tree”

Figure 2. Dependence of VG morphologies and properties on growth time. Top-view (a) and cross-sectional (b) SEM images of VGs, height
variation of VGs (c), the intensity ratio of D to G peaks (d), and the sheet resistance of VGs (e) grown at different growth times.

Figure 3. Dependence of VG morphologies and properties on growth temperature. Top-view and cross-sectional SEM images of VGs at different
growth temperatures with the plasma source powers of 280 W (a) and 120 W (b). Height of VGs synthesized at different temperatures and plasma
source powers of 120 and 280 W (c). The sheet resistance of VGs synthesized at different temperatures and the plasma source powers of 120 and
280 W (d).
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is barely observed on the film grown at 40 W, so the film
cannot be treated as GF or even VG. Obviously, the compact
in-plane structure of the graphene film grown at 40 W will have
a lower sheet resistance compared to that of other vertically
oriented structures. As the plasma source power further
increases, the GF becomes denser and a better connection
between graphene “trees” is formed; thus, the in-plane electron
transfer becomes easier and faster, resulting in an abatement of
the sheet resistance.
Effect of Growth Time. The dense GFs are representative

to present the morphology evolution of VG depending on
time. Hence, GFs grown at 280 W and 800 °C are fabricated
with different growth times from 10 to 120 min to investigate
the influence of time on morphology. As shown in Figure 2a,b,
thin GF films are obtained on the substrate with short
nanoscale graphene trees when the growth time is less than 30
min, looking like the “saplings” of the GF. However, when the
growth time increases to 60 min and even longer, the graphene
trees continuously grow higher in a nearly linear increment, as
shown in Figure 2c. In spite of the height, the corresponding
cross-sectional SEM images in Figure 2b clearly illustrate that
all VGs grown with different times have the structure of GF so
that the morphology of VG is not obviously affected by the
growth time. In the Raman spectra of Figures 2d and S4, the
ID/IG decreases with increasing growth time, indicating the
reduction in defects. In addition, as GF becomes thicker and
larger, the I2D/IG also decreases with increasing growth time,
which indicates that the number of graphene layers in GF
increases with the longer growth time. Moreover, as the growth
time increases from 10 to 60 min, the GF grows denser and
taller, forming a better connection between each graphene tree.

Thus, owing to the fewer defects and the better connection,
the sheet resistance decreases rapidly when the growth time
increases from 10 to 60 min, and then the resistance decreases
gradually because of fewer defects grown for more than 60
min, as illustrated in Figure 2e.

Effect of Growth Temperature. The growth temperature
is also a crucial factor that may greatly influence the
morphology of VG, which may work together with plasma
source powers. Hence, VGs are synthesized at 700, 750, and
800 °C with the growth time of 120 min at the plasma source
powers of 120 and 280 W, respectively. First, at 280 W, as
shown in Figure 3a, significant morphology difference of VGs
is observed when the growth temperature decreases: the
distance between each graphene tree greatly reduces, and the
size of each graphene tree becomes larger. The graphene flakes
in graphene trees are connected with each other (Figure S5),
so a more continuous porous film is formed on the substrate at
the lower growth temperature. Meanwhile, the height of the
VG film also decreases along with the decrease of growth
temperature (Figure 3c).
Second, as shown in Figure 3b, the key factors to synthesize

GW can be inferred to be low temperature and plasma source
power. As the growth temperature decreases, the graphene
trees consecutively become thinner. Finally, a representative
GW is obtained at the growth temperature of 700 °C. Raman
spectra of the as-prepared VGs are illustrated in Figure S6. The
intensity ratios of D to G peaks at 280 and 120 W both
increase along with the decrease of temperature, which
indicates that more defects are generated at a lower
temperature. In addition, the sheet resistance almost keeps
stable within an acceptable fluctuation (Figure 3d).

Figure 4. Schematic diagrams of the growth mechanism of VGs under different growth conditions: (a) initial stage; (b) VG grown at a relatively
low temperature and low plasma source power; (c) increase of plasma source power; (d) increase of temperature; and (e) GF grown at a relatively
high temperature and high plasma source power.
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Growth Mechanism. In the PECVD process, hydrocarbon
gases are ionized and the generated radicals and ions exhibit
deposition effect and etching effect, respectively.21,22 As
reported in previous research studies,22−24 the etching by ion
bombardment will induce defects that may serve as the active
site for growth, whereas the radicals (the primary source of
CxHy radicals) will promote the growth of VGs. Although it is
hard to determine the role of each ion and radical using the
presently available experimental techniques,22,25 inferred from
the morphology change of VGs at different conditions, the
overall growth can be explained by the balance of etching and
deposition effects, as summarized in Figure 4. We conclude
that the growth of VGs in the PECVD process is synergistically
affected by plasma source power, growth temperature, and
growth time. Based on the morphology of VGs at different
growth conditions, we speculate the mechanism of the
morphology formation in detail as follows.
Initially, the carbon buffer layers first grow on the surface of

the substrate in parallel to reduce the lattice mismatch between
the substrate and graphene, as shown in Figure 4a. Then,
graphene begins to grow vertically due to three reasons:13,24

(1) the simultaneous growth of graphene and amorphous
carbon leads to discontinuity of horizontal graphene growth;
(2) strain energy in the edges and defects in initial graphene;
and (3) sheath effect accelerates the energetic ions to affect the
surface of substrate, resulting in defects that help graphene
grow vertically. Here, the plasma source power will determine
the density of VG. This is because when the plasma source
power increases, the density of ions increases, resulting in
increased defects for vertical growth. On the other hand, if the
plasma source power is too low (e.g., 40 W), no VG is
obtained, as shown in Figure 1a.
The morphology of VGs is subject to the growth condition

after initial stage. Under low plasma source power and low
growth temperature, as shown in Figure 4b, the densities of
ions and radicals are low with low reaction activities. Then,
radicals are prone to bond at the edge of graphene flakes where
the required activation energy is relatively low, resulting in thin
in-plane growth of “wall-like” graphene. When the plasma
source power is increased, the densities of ions and radicals
increase simultaneously.26,27 The increased ion bombardment
will create abundant defects for radicals to be deposited,
thereby bifurcating the graphene tree and forming branches.24

As a result, the porous graphene is obtained (Figure 4c). As the
surface temperature increases, the surface reaction rate is
enhanced. The radicals get enough energy to be deposited not
only at the edge of graphene flakes but also on the surface.

Thus, the graphene flakes become much thicker (Figure 4d)
than those grown at low temperature. If the temperature and
plasma source power are both increased, plenty of ions and
radicals with high activities exist in the chamber. Accordingly,
thick graphene flakes with many branches can be obtained on
the substrate, as shown in Figure 4e.
It is worth noting that the growth rate (VG height/growth

time) results from the balance of etching and deposition
effects. On the one hand, at 700 °C and 120 W, though the
radical density and ion energy are low at the low plasma source
power, ions can be chemically adsorbed to the substrate,28

thereby not only creating defects (radical sites) for growth to
occur via radical grafting but also depositing themselves. As a
result, the deposition rate and the VG height are relatively high
(Figure 3c). On the other hand, a high temperature and a high
plasma source power will increase the radical density and ions
energy. Ions will also cause a strong etching effect, thus
decreasing the deposition rate and VG height when the ions
are too energetic. Therefore, the height of VG is decreased and
defects are increased when the plasma power is higher than
160 W at 800 °C (Figure 1a).
Furthermore, growth time does not determine the

morphology of VGs but influences the height of the vertical
flakes in VGs because the activities and densities of ions and
radicals do not change during the growth process. Thus, by
controlling the growth time, the VGs with different heights can
be obtained.

Electrochemical Properties. To comprehensively under-
stand the morphologies and properties of VGs, the electro-
chemical properties of VGs with different morphologies have
been investigated. Accordingly, supercapacitors were fabricated
based on three typical types of VG electrodes: GWs with thin
vertical graphene sheets that were fabricated at 120 W, 700 °C
for 2 h; GFs with stacked graphene flakes that were fabricated
at 280 W, 800 °C for 2 h; and porous graphene films with
porous structures that were fabricated at 280 W, 700 °C for 2
h.
Galvanostatic charge/discharge and cyclic voltammetry

(CV) test were performed as shown in Figure S7. The
symmetric triangular slopes of galvanostatic charge/discharge
curves and the rectangular shape of CV plots indicate the
instantaneous formation of electric double-layer and the
desirable ion diffusion within the electrodes. Then, the specific
capacitances at various current densities are plotted in Figure
5a. The porous graphene film-based supercapacitor exhibited
the highest volumetric capacitance that reaches 14.03 F/cm3

(at the current density of 0.1 mA/cm2), whereas the GW-based

Figure 5. (a) Specific capacitances of supercapacitors based on the porous graphene film, GF, and GW as functions of current densities. (b)
Nyquist plots of supercapacitors based on the porous graphene film, GF, and GW.
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supercapacitor only provides a volumetric capacitance of 5.59
F/cm3 (at a current density of 0.1 mA/cm2). It is reasonable
that porous graphene film can provide a higher specific
capacitance than the GF and GW due to the denser
configuration of graphene flakes.
The electrochemical impedance spectroscopy was charac-

terized as shown in Nyquist plots (Figure 5b). Attributed to
the continuous porous structure of the electrode material, the
equivalent series resistance of the porous graphene film-based
supercapacitor is slightly lower than that of GF. In addition,
the porous graphene film and GW are fabricated at a relatively
low temperature (700 °C), in which defects are introduced and
internal resistances are increased. As a result, the super-
capacitors based on the porous graphene film and GW show a
nonideal slope at the low-frequency region. Furthermore, the
Bode plots are illustrated in Figure S8. At the phase angle of
−45°, the resistance and reactance of the supercapacitors have
equal magnitudes and therefore the frequency at this point is
used for comparison.3 Benefiting from the wall-like structure,
the electrolyte ions have a shorter diffusion pathway, thereby
easily accessing the surface of the GW. Hence, the GW-based
supercapacitor reaches the highest frequency at the phase angle
of −45°.

■ CONCLUSIONS
In this study, the morphology evolution of VGs in the PECVD
process is thoroughly investigated by varying the synthetic
factors such as plasma source power, growth time, and
temperature. We conclude that the morphology of VGs is
strongly dependent on the synergistic effect of the deposition
and etching effects, resulting from the plasma source power
and growth temperature in the PECVD process. The growth
time does not determine the morphology but the final film
thickness of VGs. At last, the porous graphene film-based
supercapacitor shows the highest specific capacitance, whereas
the GW exhibits the best frequency response, derived from
their morphological properties. We strongly believe that this
work has a significant guiding importance in terms of
controllable synthesis of VGs and morphology optimization
of VGs for the target applications.
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