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Three-dimensional vertical graphene flowers were fabricated using a simple, low-cost, and efficient chemical vapour deposition method with
Ni(NO3)2 as a catalyst precursor and methane as a carbon precursor. Graphene flowers of up to 10 μm in size with petals of two to seven layers
of graphene were obtained. The growth of the vertically aligned graphene flowers was attributed to a columnar growth mechanism. Numerous
micropores were observed between the flower petals and irregular mesopores were observed in the interconnected flowers. The charge-transfer
resistance of a graphene flower/Ta film was 30.8 Ω. The graphene flowers acted as charge carriers, reducing the charge recombination rate and
enhancing electron transport. The vertical graphene flowers showed significant photoelectrocatalytic activity for the degradation of phenol.
1. Introduction: High-performance photoelectrodes can be
obtained by combining graphene with various photocatalysts [1,
2]. Materials for photocatalysts should have large surface areas
and appropriate catalytic capacities. Therefore, almost all
graphene materials used in photoelectrodes have been prepared
from graphite oxide using wet methods [3–5]. Le et al. [6, 7]
prepared reduced graphene oxide/carbon felt electrode as an
electron-Fenton cathode. They found that the graphene enhances
the electrocatalytic performance by generating hydrogen
peroxide. However, graphene grown by chemical vapour
deposition (CVD) is advantageous for photoelectrocatalytic
(PEC) applications because it has high electrical conductivity,
regular alignment, and few defects, and contains metal catalyst
components [8–10]. Regrettably, current CVD graphene has
been frequently overlooked in the field of photocatalysts. If
graphene sheets are grown vertically, then the exposed surface
area will be much greater than that of graphene grown laterally.
At the same time, as CVD graphene usually contains metal
catalyst particles, it is possible to achieve photocatalytic or
electrocatalytic functionality without incorporating other catalyst
materials. Vertical growth of graphene on a metal substrate has
been rarely reported [11, 12]. Ma et al.[13] have reported the
synthesis of standing multi-layer graphene through polymer
pyrolysis CVD.

Ghosh et al. [14] reported the role of substrate on vertical
growth of graphene in electron cyclotron resonance CVD
process. The substrates guide the vertical growth of graphene
nanosheets through the interfacial nanographitic layer. As gra-
phene sheets are very thin, when a graphene sheet stands on a sub-
strate, the edge curls, so that a large number of porous structures
are formed in the graphene layer. Such structures are conducive
to improving catalytic performance. The conductivity of CVD gra-
phene and the bonding strength between the graphene layer and
substrate or electrode are higher than those of graphene prepared
by the wet method. Thus, vertically oriented CVD graphene is suit-
able as a photocatalytic electrode.

Here, we introduce a direct current (DC) arc plasma jet CVD
process with nickel nitrate (Ni(NO3)2) as a catalyst precursor that pro-
duces three-dimensional (3D) vertically oriented graphene nanoflowers
on Ta surfaces. These graphene nanoflowers are efficient photoelectric
catalysts for the degradation of phenol under light irradiation.
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2. Materials and methods: Graphene flowers were deposited on
10 × 20 mm Ta substrates using DC arc plasma jet CVD. The
catalyst for this process, Ni, was produced by decomposition of
Ni(NO3)2. Details of the preparation process were reported in our
previous work [15]. Unlike the previous work, the growth
temperature in this study was controlled at 900°C. Uniform
distribution of the catalyst particles on the graphene sheets was
ensured because the temperature of the plasma was the same as
that of methane decomposition.

The microstructures of the graphene samples were analysed using
field emission scanning electron microscopy (FESEM; JEOL
JSM-6700F, Japan) and high-resolution transmission electron mi-
croscopy (HRTEM; JEOL, JEM-2100, Japan). The phase structures
and composition of the samples were confirmed by X-ray diffrac-
tion (XRD; CuKα, Rigaku D/max-2500/PC, Japan) and Raman
spectroscopy (Thermo Scientific DXR, YAG laser, USA). The per-
formance of the sample as a photoelectrode was investigated by
photoelectrochemical analysis (Zennium/IM6 workstation,
Zahner-Elektrik, Germany) and chemical oxygen demand (COD)
colorimetry (Lovibond ET99730, Germany).

3. Results and discussion: Fig. 1 shows scanning electron
microscopy (SEM) images of the graphene flowers grown on the
Ta substrate. The graphene flowers are up to 10 μm in size
(Fig. 1a) and have homogeneous 3D flower-like structures with
layers of petals (Fig. 1b). Numerous holes were formed in the
graphene layers, which are observed as micropores between
flower petals and irregular mesopores inside the flowers (see
Fig. 2). The microstructure shown in Fig. 1b demonstrates that
the petals consist of ultra-thin nanosheets. Cross-sectional SEM
images of the sample (Figs. 1c and d ) show that the graphene
nanosheets are vertically aligned with a columnar growth
structure. This result is consistent with a free-standing growth
mechanism [11]. Further, H2/Ar/CH4 plasmas appear to play
important roles in nanostructure growth [16].

Fig. 2 shows nitrogen adsorption–desorption isotherms of gra-
phene layer. The inset shows the pore size distribution curve of
sample. The graphene layers have a pore size distribution of
1.73–14.3 nm, and the most pore size is ∼3.8 nm.

Figs. 3a and b show transmission electron microscopy (TEM)
and HRTEM images of the petals of the graphene flowers. As the
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Fig. 1 FESEM images of vertical graphene flowers
a, b Top views
c, d Cross-sectional views of the graphene layer

Fig. 3 TEM and HRTEM images of graphene petal nanosheets
a TEM images
b HRTEM images
theoretical thickness of the (002) plane of hexagonal graphite is
0.34 nm, the measured petal thickness of ∼0.68–2.1 nm corre-
sponds to two to seven graphite layers, indicating the ultra-thin
nature of the obtained graphene flowers.
The XRD pattern of the graphene flowers on the Ta substrate

exhibits peaks assignable to graphene (JCPDS Card No. 08-0415),
NiO (JCPDS Card No. 65-2901), Ni (JCPDS Card No. 65-0380),
TaC (JCPDS Card No. 89-3831), and Ta (JCPDS Card No.
89-5158) phases (Fig. 4a). The corresponding Raman spectrum,
shown in Fig. 4b, displays three typical bands: a D band, G band,
and 2D band at ∼1347.5, ∼1580.8, and ∼2691.8 cm−1, respectively.
The G band is related to the in-plane vibration of sp2 carbon atoms,
whereas the 2D band is sensitive to the stacking order along the
c-axis of the carbon atom layer in the graphite phase. The I2D/IG
intensity ratio, which is known to be strongly correlated with the
number of graphene layers, of the synthesised graphene flowers
was 0.85, a distinctive feature of multi-layered graphene [17] and
consistent with the TEM observations. The presence of the D
band indicates that the average size of sp2 carbon atoms in the
sample is decreased or that defects exist [17]. The SEM, TEM,
XRD, and Raman spectroscopy results all confirmed the existence
of graphene on the Ta substrate with a TaC buffer layer.
A Nyquist plot and an equivalent circuit model for the graphene

flower/Ta sample are shown in Fig. 5a. The high-frequency inter-
cept on the real axis corresponds to the ohmic resistance of the
Fig. 2 Nitrogen adsorption–desorption isotherms and corresponding pore
size distribution curve (inset) of graphene layer
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electrolyte (Rs). In the high-frequency region, the first semicircle
is related to the solid-electrolyte-interface layers, whereas the
second semicircle corresponds to the charge-transfer process. The
linear segment in the low-frequency region is assigned to ion diffu-
sion within the electrode, corresponding to the Warburg element
[18]. The charge-transfer resistance (Rct) of the graphene flower/
Ta electrode was 30.8 Ω, which is much lower than those of gra-
phene oxide/glassy carbon electrode (GCE) (1300 Ω) [19] and
chemically reduced graphene (GR)/GCE (27 Ω) [20], and relatively
close to that of GR-carbon nanotube/GCE [20]. This finding sug-
gests that the graphene flowers acted as charge carriers, reducing
the charge recombination rate and enhancing the transport of elec-
trons in the photoelectrode [21]. Fig. 5b shows cyclic voltammo-
grams for the graphene flower/Ta electrode obtained at a scan rate
of 100 mV s−1 in 0.1 M phosphate-buffered saline (PBS) solution
(pH 7.0) containing 50 mg l−1 phenol. The peak at approximately
+0.38 V is the oxidation peak of hydroquinone, while the peak at
approximately +0.8 V is that of phenol. Thus, phenol was first
degraded to yield benzoquinone and then benzoquinone was
reduced to yield hydroquinone. When the electrode was illuminated
under UV light for 10 min, the two oxidation peaks disappeared.
The potential of the reduction peak decreased from 0.2 to −0.37
V with increasing UV illumination time from 0 to 60 min, indicat-
ing the degradation of phenol. The COD colorimetry results are
shown in Fig. 5c. The removal rate of COD on the graphene
flower/Ta electrode was 59.6% after 40 min of the PEC process.
This result indicates that the graphene flowers have good PEC ac-
tivity. The degradation efficiency of the PEC process is affected
by two factors: adsorption of reactants and generation of OH−

free radicals. Ni(NO3)2 was used as the catalyst precursor in this ex-
periment. In the presence of NiO, excited hydrogen species will
reduce NiO to form metallic Ni and excited hydroxyl species
(H* + NiO → Ni + OH*) [22]. Graphene has a tunable bandgap
of up to 0.21 eV [23]. Owing to its small molecular spacing, such
excited hydroxyl species can easily diffuse to graphene and reoxi-
dise it, leading to a decreased concentration of oxygen vacancies
Fig. 4 XRD pattern and Raman spectrum of the graphene flowers
a XRD pattern
b Raman spectrum
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Fig. 5 Nyquist plot and an equivalent circuit model for the graphene flower/
Ta sample
a Electrochemical impedance spectroscopy (EIS) spectrum of the graphene
flower/Ta electrode in 0.1 M KCl containing 5 mM Fe(CN)6

3−/Fe(CN)6
4− at

an applied AC voltage of 0.16 V and 0.01 Hz to 100 kHz. Inset: equivalent
circuit employed to fit the EIS spectrum
b Cyclic voltammograms of 50 mg l−1 phenol in 0.1 M PBS (pH 7) with the
graphene flower/Ta electrode at different illumination times (0–60 min).
Scan rate: 100 mV s−1

c COD colorimetry results for the degradation of phenol by the graphene
flowers
(OV + OH* G → G–O +H*). Recombination of photoinduced
charge carriers releases a certain chemical energy, which is con-
verted into heat or light energy, resulting in a higher photocatalytic
activity [24]. In addition, the graphene cathode also has good stabil-
ity. After 30 h of use (30 cycles), the COD removal rate of graphene
cathode was almost unchanged.

4. Conclusion: The synthesis of vertically aligned graphene
nanoflowers was performed using a Ni-catalysed CVD method with
CH4 as the precursor. The obtained graphene flowers had sizes of
up to 10 μm with petals formed from two to seven layers of
graphene. The vertically aligned growth of the graphene flowers
was attributed to the columnar growth mechanism. The
as-synthesised graphene flowers exhibited very rapid
photodegradation of phenol, with 59.6% degradation achieved
within a time interval of 40 min. This high catalytic activity is
attributed to the synergistic effect of the graphene flowers and NiO/
Ni catalyst. These graphene nanoflowers have the potential to be
used as photoelectrocatalysts for environmental remedial applications.
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