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Direct fabrication of 3D graphene 
on nanoporous anodic alumina by 
plasma-enhanced chemical vapor 
deposition
Hualin Zhan1, David J. Garrett1,2, Nicholas V. Apollo1, Kumaravelu Ganesan1, Desmond Lau3, 
Steven Prawer1 & Jiri Cervenka1,4

High surface area electrode materials are of interest for a wide range of potential applications such 
as super-capacitors and electrochemical cells. This paper describes a fabrication method of three-
dimensional (3D) graphene conformally coated on nanoporous insulating substrate with uniform 
nanopore size. 3D graphene films were formed by controlled graphitization of diamond-like amorphous 
carbon precursor films, deposited by plasma-enhanced chemical vapour deposition (PECVD). 
Plasma-assisted graphitization was found to produce better quality graphene than a simple thermal 
graphitization process. The resulting 3D graphene/amorphous carbon/alumina structure has a very 
high surface area, good electrical conductivity and exhibits excellent chemically stability, providing 
a good material platform for electrochemical applications. Consequently very large electrochemical 
capacitance values, as high as 2.1 mF for a sample of 10 mm3, were achieved. The electrochemical 
capacitance of the material exhibits a dependence on bias voltage, a phenomenon observed by other 
groups when studying graphene quantum capacitance. The plasma-assisted graphitization, which 
dominates the graphitization process, is analyzed and discussed in detail.

Ever since the first experimental proof of graphene’s existence1, graphene has attracted immense interests, pri-
marily due to its unique atomic2 and electronic3,4 two-dimensional (2D) structure. The electronic properties of 
graphene, in particular, are intensively researched for applications as components in next generation electronics5, 
high-performance electrochemical energy storage6–11 and sensors12. In super-capacitors6–11 and electrochemical 
biosensors12, graphene has a large advantage compared to other materials owing to its atomic thickness and abil-
ity to generate large specific surface area macrostructures8,12,13. However, fabrication of three dimensional (3D) 
graphene grown over well-defined nanopores and atomic thickness is not straightforward.

Previous fabrication processes related to producing 3D graphene films on porous substrate have usually 
involved multiple fabrication steps and required the use of graphene oxide11–16. Graphene oxide, however, needs 
to be chemically activated to achieve well-conductive graphene films15 and the 3D graphene made of it suffers 
from undefined porous structure with broad distribution of pore sizes13–15. Other fabrication approaches using 
chemical vapour deposition (CVD) have required the use of metal catalysts13,14, which needed to be etched away 
to allow its use in electrochemical applications. For this reason it would be more suitable to grow graphene on 
porous dielectric substrates. Porous dielectric materials have been intensively researched in the past decades 
and offer well-defined ordered pores with a great range of sizes, shapes and porosities17–19. Although growth of 
3D amorphous carbon on ordered porous dielectrics has been previously demonstrated with20–22 and without23 
catalyst, catalyst-free direct 3D graphene growth on ordered porous dielectrics has not been previously reported 
to our knowledge.

This paper presents a technique for one-step graphene fabrication on nanoporous anodic aluminium oxide 
(AAO) using plasma-enhanced chemical vapor deposition (PECVD). We demonstrate direct catalyst-free 
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graphene growth on AAO and investigate the formation of graphene in the nanopores. High effective surface area 
graphene grown over well-defined nanopores with large capacitance (as high as 2.1 mF for a sample of 10 mm3 
with the effective surface area of 883 cm2) is achieved. The material properties of 3D graphene are analyzed by 
Raman spectroscopy, Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and 
Electron Energy Loss Spectroscopy (EELS). The electrical and electrochemical properties are investigated by 
conductance measurements, Cyclic Voltammetry (CV), and Electrochemical Impedance Spectroscopy (EIS). The 
chemical stability of the material is studied by chemical etching using hydrofluoric acid (HF). Based on the results 
of the material characterization and analysis of the plasma-material interaction, it is concluded that the growth 
mechanism is a combination of deposition and graphitization of an ultrathin amorphous carbon layer on AAO 
in PECVD.

Results
Figure 1 presents two fabrication methods for 3D graphene on insulating nanoporous AAO substrates using 
one-step and two-step method in PECVD. In method 1, namely the one-step graphene fabrication method 
(Fig. 1a), a quartz spacer (0.35 mm thick) was used to electrically and thermally isolate the AAO from the molyb-
denum growth stage during the growth. This method allowed one-step graphene production on AAO with an 
interlaying thin layer of amorphous carbon (a-C) and reaching substantially higher substrate temperatures 
(≈ 1500 °C) in the PECVD process than without the spacer. In the two-step fabrication method (method 2 as 
shown in Fig. 1b), an ultrathin a-C layer was first grown on AAO without the spacer using the same reactor 
conditions as in method 1. The temperature of the sample was below 900 °C during the a-C growth process. To 
obtain graphene on a-C-AAO samples, the sample was further annealed at the temperature of 1500 °C in vacuum.

Figure 1c shows an optical image of AAO sample before (1) and after (2) the graphene PECVD process. The 
samples produced by method 1 and 2 both became black after the process because of the light adsorption in 
graphene on the pore walls in the sample (5 ×  109 cm−2 pore density). Unless specified otherwise, the following 
characterizations are made based on the sample fabricated by method 1.

Raman spectroscopy. Figure 1d shows a Raman spectrum of a graphene-coated AAO (G-AAO) sample 
using method 1. The main features in the Raman spectrum of G-AAO are the typical graphene related D 
(1348 cm−1), G (1595 cm−1) and 2D (2691 cm−1) peaks. The rise of D and D’ (1629 cm−1) peaks suggest the exist-
ence of defects in the sample24. The intensity ratio between D and G peaks (I(D)/I(G)) is 1.5, which indicates 
disorder and the presence of sp3 type defects24–27, most probably originating from grain boundaries in the 
graphene layers. Using the intensity ratio between D and G peaks, which is a common method used to analyze 
disorder in graphitic samples25,26,28, we estimate the average graphene grain size as = ≈ ..
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4 96  for 
the 532 nm laser excitation. The full-width-at-half-maximum of the 2D peaks (FWHM(2D)) of the sample is 
41.9 cm−1, which is slightly larger than that of a commercially purchased CVD monolayer graphene on SiO2 
(32.3 cm−1) consisting of a single 2D component but lower than of bilayer graphene (50 cm−1), which contains 
four 2D peak components29. This suggests that the sample is composed predominantly of monolayer graphene 
and the slight broadening of the 2D graphene peak could be explained by the defective nature of 3D graphene and 

Figure 1. Fabrication processes and Raman spectra of 3D graphene and a-C on AAO. (a) Schematics of the 
one-step graphene fabrication method by PECVD process with the spacer in between the sample and the stage. 
(b) Schematics of the two-step method where the 1st step is the PECVD process without the spacer and the 2nd 
step is thermal annealing of the a-C-AAO sample (produced by step 1) in vacuum at 1500 °C using an electron 
beam. (c) An AAO sample before (1) and after (2) the fabrication process. (d–f) Raman spectra of graphene 
coated AAO (G-AAO by method 1), diamond-like carbon coated AAO (a-C-AAO by the 1st step in method 2) 
and thermal annealed a-C-AAO (by the 2nd step in method 2), respectively.
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a large number of grains in the focal spot size. The much greater intensity of 2D peak with respect to the G peak 
is also consistent with a dominant contribution from single layer graphene or rotated multilayer (non Bernal 
stacked) graphene flakes16,27,30.

Figure 1e depicts the Raman spectrum of a sample grown without a spacer, namely by method 2, and is typ-
ical of diamond-like amorphous carbon-coated AAO (a-C-AAO)16,31,32. This sample was additionally annealed 
in vacuum at 1500 °C as shown in Fig. 1b. The thermal annealing of a-C-AAO has led to improved crystallinity 
(indicated by sharper G and 2D peaks in the Raman spectrum in Fig. 1f) and an increased portion of sp2 car-
bon hybridization in the a-C-AAO samples27. FWHM(2D) of thermally annealed a-C-AAO is 80 cm−1 and the 
I(D)/I(G) is 1.8. The Raman spectrum indicates a defected few-layered graphene was obtained, confirming the 
temperature driven graphitization process33.

SEM. Figure 2a shows SEM image of a surface of G-AAO grown by method 1, demonstrating that the porous 
structure of the alumina sample remains after the high temperature PECVD process. The SEM image of AAO 
before PECVD can be found in figureS1d in the supplementary file. Figure 2b and c shows that overgrowth (an 
appearance of bumps) can happen during the process at higher microwave power (3 kW) on the front side of the 
sample directly contacting the plasma. Interestingly, the Raman spectra of samples with overgrowth (front side) 
and no overgrowth (back side) look the same. The overgrowth layer also maintains porous structure, even though 
some pores are blocked. The overgrowth process has previously been observed during amorphous carbon growth 
on AAO by other groups21–23,31. The Raman spectrum of G-AAO with overgrowth (which is identical to Fig. 1d) 
indicates much higher sp2 content in our study than in previous reports23,31,34. More detailed microscopic analysis 
of the overgrowth can be found in the supplementary file.

TEM and EELS. To analyze the atomic structure and a number of graphene layers in the samples, TEM 
studies of the G-AAO membranes have been performed. Figure 3a shows a cross-sectional TEM image of the 
nanoporous structure of G-AAO. The sample consists of graphene top layer, a-C interlayer and nano-crystalline 
alumina core, as shown in the high magnification images in Fig. 3b. The microscopic analysis of the structure of 
a-C on AAO has been reported previously in ref. 35. The number of graphene layers has been found to be inho-
mogeneous across the surface, showing co-existence of monolayer and few layer graphene (FLG) in the sample. 
This is demonstrated in Fig. 3b–d by high magnification images of the corresponding regions marked by arrows 
in Fig. 3a. Monolayer graphene is observed in Fig. 3b, while there is co-existence of monolayer and multilayer 
graphene in Fig. 3c and 3–4 layer graphene in Fig. 3d. Some graphene nano-sheets are bent, most probably due 
to the interatomic potential at the edge of the overlapping layers36. The interlayer distance between two layers is 
approximately 0.36 nm. This is the typical graphene interlayer distance in FLG33,37. The size of graphene flakes is of 
the order of few nanometers, which is similar to the estimated graphene grain size from the Raman spectroscopy 
study using I(D)/I(G).

Figure 3e shows carbon K-edge EELS spectra for G-AAO (red) and a-C-AAO (blue) taken at the surface of the 
nanopores using a focused electron beam (≈ 0.5 nm). The peak evident at the photon energy of 285 eV of G-AAO 
in Fig. 3e represents the π * resonance in carbon K-edge, which corresponds to a transition of electrons to unoc-
cupied carbon π * states. Gaussian fitting to the EELS spectra indicates the sp2 fractions are 77.2% and 50.9% in 
G-AAO and in a-C-AAO, respectively, where glassy carbon (100% sp2) was used as the reference38,39. This increase 
in G-AAO provides a direct evidence of a-C graphitization. A strong σ *-sp3 peak in G-AAO supports the pres-
ence of a remaining amorphous a-C carbon layer underneath graphene layers

HF corrosion test. To confirm the full coverage of the graphene layer over AAO, G-AAO was inserted in 
HF acid (concentration 40%, pH 3.5) for 22 hours to study the chemical stability of the material40. The sample 
remained the same after the HF corrosion test, suggesting the G-AAO sample is fully covered by the protective 
graphene layer, since exposed alumina would be etched away by HF.

Electrical resistance. To test the continuity and electrical conductivity of the formed graphene layers on 
AAO we performed a two point probe electrical measurements. The sheet resistance measured horizontally along 
the surface, as schematically seen in Fig. 4a, showed significant decrease from a-C-AAO (878.7 kΩ /□ ) to G-AAO 

Figure 2. SEM pictures of G-AAO grown by method 1. (a) G-AAO with good porous structure. (b) Carbon 
overgrowth on AAO. (c) High magnification images taken from specific areas on (b).
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(6.8 kΩ /□ ), confirming the conductive nature of the 3D graphene. The electrical resistance measured vertically 
across G-AAO (5.5 Ω ) was also much smaller than that of a-C-AAO (9.3 kΩ ), as illustratively shown in Fig. 4b, 
confirming the nanopores are all coated with graphene. Note that all the sample edges of G-AAO and a-C-AAO 

Figure 3. TEM and EELS analysis of G-AAO produced by method 1. (a) Cross-sectional TEM picture of  
the porous structure inside G-AAO, while the schematics below illustratively indicates the location analysed.  
(b-d) High magnification images taken from the corresponding regions in (a), which indicate monolayer 
graphene, a combination of monolayer and few-layered graphene (where the interlayer distance is 0.36 nm),  
and FLG, respectively. (e) A comparison of EELS results between G-AAO (red) and a-C-AAO (blue).

Figure 4. Electrical and electrochemical measurements. (a,b) Schematic illustrations for resistance 
measurement horizontally along and vertically across the sample, respectively, where the black porous 
membranes are the samples (a-C-AAO or G-AAO) and the golden blocks are the contacts. The values indicate 
the sheet resistance and resistance in (a,b), respectively. (c) The total capacitance variation of G-AAO with the 
bias voltage changing in ferrocyanide solution. The inset at the lower left corner depicts the three-electrode 
electrochemical cell, where WE, RE and CE represent working electrode, reference electrode and counter 
electrode. The inset at the upper right corner is the equivalent circuit (the Randles circuit) between the working 
electrode and the counter electrode used for evaluation of capacitance.
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have been cut off in the vertical measurements in order to obtain the resistances contributed from the pores only, 
and the smaller resistance values of vertical contacts compared to horizontal are due to the millions of conductive 
channels/pores connected in parallel.

Electrochemical capacitance. Electrochemical capacitance (Fig.  4c) of a G-AAO sample 
(3 mm ×  3 mm ×  0.1 mm as shown in Fig. 1c) was measured by electrochemical impedance spectroscopy (EIS) 
analysis using a three-electrode electrochemical cell41 (1 mM ferrocyanide ( )−Fe CN 6

4 with 0.1 M KCl as the sup-
porting electrolyte). The bias voltage was applied between the working electrode and the reference electrode. The 
measured total capacitance includes contributions from the parasitic capacitance, the graphene quantum capaci-
tance and the electrical double layer (EDL) capacitance. Component values were estimated by fitting impedance 
data to the simplified Randles circuit42 (inset Fig. 4c), where C is the total capacitance, Rs is the solution resistance 
and R the resistance to charge transfer to ( )−Fe CN 6

4. As shown in Fig. 4c, the total capacitance is found to be 
dependent on the bias voltage and it reaches a minimum at the voltage around − 0.1V. This dependence has also 
been observed by other groups due to graphene quantum capacitance43,44 and electric double layer capacitance at 
potential of zero charge41.

Table 1 compares the specific capacitance and the overall capacitance of G-AAO (1 cm ×  1 cm ×  0.1 mm) with 
the same-sized gold electrode45,46, which is a commonly used bio-capacitor. The G-AAO and gold electrodes were 
tested in ( )−Fe CN 6

4 solution and biased at − 1 V. It can be seen from the table that although the specific capacitance 
of G-AAO is smaller than that of gold, the overall capacitance is much larger for the G-AAO electrode due to its 
much larger surface area. This result suggests that due to this large capacitance G-AAO material may be used as a 
super-capacitor material in applications such as energy storage or neuronal cell stimulation.

Discussion of the growth mechanism
The two presented fabrication methods of 3D graphene described in Fig. 1: (a) One-step plasma-driven graphene 
growth on AAO in PECVD and (b) Two-step method using thermal post annealing of a-c-AAO, suggest that the 
high temperature of the order of 1500 °C is crucial for graphene formation on AAO. Since it has been proved that 
a conformal a-C layer is formed on AAO before reaching this temperature21–23,34,35 (step 1 in method 2) and it 
can be thermally graphitized into graphene at 1500 °C (step 2 in method 2), the growth mechanism for graphene 
formation on AAO by method 1 can also be considered as a process graphitizing an ultrathin a-C layer. Thermal 
graphitization of amorphous carbon is a process that has been well studied33,47. Converting amorphous carbon to 
graphite starts at 1200 °C and is completed at 1600 °C, leading to complete transformation of the whole material 
to graphite. Raman spectroscopy has, however, shown a significant difference between G-AAO samples directly 
grown in PECVD and produced by post thermal annealing, demonstrating that the direct PECVD growth can 
lead to better quality graphene. This shows that hydrogen/methane plasma in direct PECVD growth plays a very 
important role48 and can improve the quality of graphitized graphene layers. γ -Al2O3 and α -Al2O3 formed at 
high temperature49 in AAO are also believed helpful for graphene nucleation and growth50,51. It is suspected that 
γ -Al2O3 and α -Al2O3 were involved in the plasma-enhanced graphitization process to form graphene due to the 
ion bombardment on the surface by energetic particles, while in thermal annealing γ -Al2O3 was well separated by 
the a-C layer from the surface graphene layer. The detailed a-C/γ -Al2O3/AAO structure can be found in ref. 35.

It has also been observed in the experiments that the growth of graphene or a-C in PECVD can be effectively 
controlled by a proper choice of a spacer under the sample, while using the same plasma growth conditions. The 
use of dielectric spacer allowed direct production of graphene on AAO and reaching 600 °C higher sample tem-
perature of AAO on a dielectric spacer compared to a metal stage. The ability to control the sample temperature 
by the spacer in the PECVD process was found also extremely important for graphene production reproducibility. 
In some occasions, it was possible to obtain G-AAO without separating the AAO from the stage but the repeata-
bility was low. Only one experiment out of ten could successfully produce G-AAO without the spacer.

Thermal isolation. Intuitively, the dielectric spacer plays two roles that both lead to an increase of the tem-
perature of the sample in the plasma. Firstly, the spacer introduces thermal isolation between the sample and the 
stage and therefore reduces the thermal dissipation of the sample. Secondly, the spacer induces perturbation to 
the plasma near the sample surface, which can lead to complicated plasma-material interactions and a sample 
temperature change, because plasma is the only source ‘heating up’ the sample (plasma-enhanced graphitization). 
The increase in sample temperature has also a significant impact on the surface chemistry, which can strongly 
affect the carbon layer formation.

For the quartz spacer of 0.35 mm thick, our calculation using Fourier’s law52 estimated that the thermal isola-
tion effect contributes to around 45% (i.e. 270 °C) of the observed sample temperature increase by the spacer. This 
suggests that the role of plasma-induced heating is significant and it contributes to more than a half of the total 

Capacitors
Specific 

Capacitance
Effective 

surface area
Overall 

Capacitance

G-AAO 2.4 μ F/cm2 882.98 cm2 2117 μ F

Gold45,46 9 μ F/cm2 1 cm2 9 μ F

Table 1.  Comparison of the capacitance between G-AAO and gold bio-capacitors with the size of 
1 cm × 1 cm × 0.1 mm.
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sample heating in PECVD. It should be noted that the thermal isolation effect itself, however, can be very large for 
thicker spacers, for example the sample temperature can increase by 825 °C for a 1 mm thick spacer.

Plasma-enhanced graphitization. Analysing all the chemical processes in plasma including 
plasma-material interaction, and hence simultaneously tracking every charged particles collision event, requires 
massive Monte-Carlo simulations of plasma53,54. This is normally conducted for tokamak fusion plasma55 but it is 
not realistic for our experiment. However, since the chemical processes and energy changes which contribute to 
thin film formation usually happen on substrate surface56, analysing the energy loss of the charged chemical spe-
cies (ions) on substrate surface can be used as a good indicator of the temperature change. The kinetic energy of 
the ions (Ek) on substrate surface is mainly determined by the electric potential in plasma sheath and provides the 
energy for ions to bombard the substrate surface. Ions move directionally within the plasma sheath driven by the 
potential drop53,57. For microwave plasma, Ek can be roughly estimated as Ek  ≈  5.2Te ≈  26 eV56, where Te ≈  5 eV is 
the electron temperature58. This gives Ek a value greater than the energy released in chemical processes, for exam-
ple, the hydrogen binding energy (around 4.5 eV)59. Therefore the following analysis is focused on qualitatively 
investigating the factors which change the kinetic energy of ions, i.e. the potential distribution.

The ion bombardment is believed important in PECVD60. However, unlike direct-current gas charging, gen-
erating plasma by microwave does not require any bias between the plasma and the stage, and the metal stage in 
microwave PECVD chamber is grounded, so the potential drop within the sheath depends only on the plasma 
potential. Since the plasma potential is not necessarily zero and it varies with the external factors (such as the 
reflected microwave power and so on), the resulting unstable sheath potential on metal stage leads to different 
ion bombardment in every experiment. This could explain low repeatability of the same production conditions 
without spacer.

By solving Poisson-Boltzmann equations53,57 with different boundary conditions, we obtained the potential 
distribution near the surface of AAO, i.e. inside plasma sheath, with and without the spacer as shown in Fig. 5 and 
discussed in detail in the supplementary material. The difference between whether or not the dielectric spacer is 
sitting on the metal stage is that the dielectric has the ability to re-establish its own ambipolar diffusion regardless 
of the potential of the stage due to surface charge accumulation, and therefore stabilizes the potential drop in the 
sheath. For the case represented by Fig. 5a, the unstable potential distributions at different bias voltage (where 
ϕ ϕ<s s1 2 ) are indicated by the green and blue dashed curves in Fig. 5c. For the case represented by Fig. 5b, 
when a dielectric (with a thickness of 5λD, where λD is Debye length) is placed on the top of the metal stage, the 
stable ambipolar field is created on the dielectric surface for both low and high bias voltages, as demonstrated by 
the red and purple solid curves in Fig. 5c, where ϕ0 is the potential determined by the ambipolar field. Therefore 
placing the dielectric on top of the metal provides a more stable plasma sheath than on the metal. The stable 
sheath offers continuous ion bombardment on AAO hence increases the temperature.

Although AAO itself is a dielectric, a rough estimation gives λD ≈  53 μm if Te =  5 eV and the electron density is 
1011 cm−3 in microwave plasma source58. Hence the plasma sheath (usually a few Debye lengths53,56) is comparable 
or even greater than the membrane thickness, which makes the stabilization effect of AAO negligible (without 
including the porous nature of AAO). Therefore a relatively thick dielectric spacer was inserted beneath the AAO 
to create its own sheath without being affected by the grounded metal stage.

Another possible effect on temperature increase is surface charging, namely the accumulation of charges on 
the dielectric surface in plasma. Although the potentials on dielectric and on metal at far distance are found to be 
similar due to the same amount of net charges (Fig. S2 in Supplementary data), the density of the total charged 
particle number is much larger on dielectric (by a factor of 3, 5, or even more). When there are more charged 
particles accumulating on the dielectric surface due to the diffusion and the potential drop in the plasma sheath, 
the complex electric field near the surface keeps increasing until the breakdown field is reached, and then heat is 
released. This process can be viewed similar to graphitization induced by current annealing47, and will contribute 
to annealing/heating up of the sample. It is speculated that this process is more effective in the stable electrical 
environment created by the dielectric spacer, since the unstable potential sheath on metal will affect the charge 
accumulation on AAO.

Figure 5. Plasma sheath potential distribution of AAO with and without spacer. Schematic illustrations 
of the plasma sheath formation on AAO directly sitting on top of (a) a metal stage and (b) a dielectric spacer 
on the metal stage, respectively. (c) Potential distributions as a function of distance away from the metal stage 
directly (dashed lines) and from the dielectric on the stage (solid lines) at different bias voltage.
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Conclusions
The possibility of catalyst-free graphene growth on a porous dielectric AAO material was explored. Two dif-
ferent fabrication methods of graphene on AAO were developed based on plasma-enhanced and thermal gra-
phitization of ultrathin a-C precursor layers in PECVD. Microscopic studies confirmed that defected FLG is 
conformally obtained on the whole internal and external surface of nanoporous AAO. The samples retained the 
well-defined nanoporous structure of the AAO and become well conductive after the graphene deposition pro-
cess. Overgrowth of G-AAO and occlusion of pores was an intermittent problem, which can be avoided by using 
lower plasma power. Due to the large surface area of the porous structure, the electrochemical capacitance as large 
as 2.1 mF for the sample of 10 mm3 with effective surface area of 883 cm2 was achieved. This implies the potential 
for using G-AAO as super-capacitors for energy or/and biological applications. The capacitance dependence on 
the bias voltage of G-AAO was also observed.

EELS and Raman strongly suggest that plasma-enhanced graphitization of a-C is the growth mechanism of 
G-AAO in PECVD. To improve the reliability of the G-AAO film production and achieve higher substrate tem-
perature in PECVD for production of graphene, the sample plasma annealing process was investigated by study-
ing the surface charging effect and the potential distribution on the plasma-material interface. It was found that 
introducing a dielectric spacer in between the sample and the metal stage leads to 600 °C higher sample tempera-
ture and improved repeatability than on the metal stage due to several reasons, such as stabilization of the plasma 
sheath, surface charge accumulation for direct annealing, and reduction of the power dissipation.

Methods
AAO samples with 55 nm pore diameter and 100 μ m thickness (Synkera Technologies, Inc.) were placed within 
the growth chamber of a microwave PECVD system (iplas GmbH). Graphene (the one-step method) and a-C 
(the first step in the two-step method) were grown on AAO using the following reactor conditions: H2/CH4: 
750/10 sccm; microwave power: 1.7 kW; pressure: 85 Torr. The temperature of the samples was monitored by an 
external pyrometer outside the chamber and a thermocouple in the molybdenum stage. Assistive stage heating 
prior to the PECVD process was used to prevent the quartz spacer from breaking due to the sudden temperature 
rise coming from plasma. Raman spectroscopic studies were conducted on a Renishaw inVia Raman Microscope 
with a laser wavelength of 532 nm and a laser spot size of 10 μ m. SEM analyses were performed on FEI Nova 
Nanolab 200. TEM and EELS characterizations were conducted on a JEOL 2100F. The electron energy applied in 
EELS studies was 80 keV, and the collection angle was 16 mRad. 5 samples were tested in electrical and electro-
chemical measurements. Electrochemical impedance spectroscopy (EIS) data was acquired using an eDAQ z100 
Electrochemical Impedance Analyzer connected to an eDAQ EA163 potentiostat. The frequency range in the EIS 
measurement was set from 1 kHz to 100 kHz, and the amplitude of the AC signal was kept as small as possible 
(30 mV) to minimise quantum capacitance effects. Capacitances values were estimated by fitting EIS data to a 
model circuit using ZMan v2.2 software (Zive Lab, WonATech).

References
1. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666–669 (2004).
2. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat. Mater. 6, 183–191, (2007).
3. Castro Neto, A. H., Peres, N. M. R., Novoselov, K. S. & Geim, A. K. The electronic properties of graphene. Rev. Mod. Phys. 81, 

109–162 (2009).
4. Das Sarma, S., Adam, S., Hwang, E. H. & Rossi, E. Electronic transport in two-dimensional graphene. Rev. Mod. Phys. 83, 407–470, 

(2011).
5. Schwierz, F. Graphene transistors. Nat. Nanotechnol. 5, 487–496, (2010).
6. Zhang, Y., Li, H., Pan, L., Lu, T. & Sun, Z. Capacitive behavior of graphene–ZnO composite film for supercapacitors. J. Electroanal. 

Chem. 634, 68–71, (2009).
7. El-Kady, M. F., Strong, V., Dubin, S. & Kaner, R. B. Laser scribing of high-performance and flexible graphene-based electrochemical 

capacitors. Science 335, 1326–1330, (2012).
8. Xiong, G., Meng, C., Reifenberger, R. G., Irazoqui, P. P. & Fisher, T. S. A Review of Graphene-Based Electrochemical 

Microsupercapacitors. Electroanal. 26, 30–51, (2014).
9. Torad, N. L. et al. Electric Double-Layer Capacitors Based on Highly Graphitized Nanoporous Carbons Derived from ZIF-67. 

Chem-Eur J 20, 7895–7900, (2014).
10. Salunkhe, R. R. et al. Nanoarchitectured Graphene-Based Supercapacitors for Next-Generation Energy-Storage Applications. Chem-

Eur J 20, 13838–13852, (2014).
11. Salunkhe, R. R., Hsu, S. H., Wu, K. C. W. & Yamauchi, Y. Large-Scale Synthesis of Reduced Graphene Oxides with Uniformly Coated 

Polyaniline for Supercapacitor Applications. Chemsuschem 7, 1551–1556, (2014).
12. Gao, H. & Duan, H. 2D and 3D graphene materials: Preparation and bioelectrochemical applications. Biosens. Bioelectron. 65C, 

404–419, (2014).
13. Han, S., Wu, D., Li, S., Zhang, F. & Feng, X. Porous graphene materials for advanced electrochemical energy storage and conversion 

devices. Adv. Mater. 26, 849–864, (2014).
14. Cao, X. et al. Preparation of novel 3D graphene networks for supercapacitor applications. Small 7, 3163–3168, (2011).
15. Zhang, L. et al. Porous 3D graphene-based bulk materials with exceptional high surface area and excellent conductivity for 

supercapacitors. Sci. Rep. 3, 1408, (2013).
16. Xiao, X. et al. Lithographically defined three-dimensional graphene structures. ACS Nano 6, 3573–3579, (2012).
17. Thompson, G. E., Furneaux, R. C., Wood, G. C., Richardson, J. A. & Goode, J. S. Nucleation and growth of porous anodic films on 

aluminium. Nature 272, 433 - 435, (1978).
18. Lee, W., Ji, R., Gosele, U. & Nielsch, K. Fast fabrication of long-range ordered porous alumina membranes by hard anodization. Nat. 

Mater. 5, 741–747, (2006).
19. Poinern, G. E. J., Ali, N. & Fawcett, D. Progress in Nano-Engineered Anodic Aluminum Oxide Membrane Development. Materials 

4, 487–526, (2011).
20. Bae, E. J. et al. Selective Growth of Carbon Nanotubes on Pre-patterned Porous Anodic Aluminum Oxide. Adv. Mater. 14, 277–279, 

(2002).
21. Yao, B. D. & Wang, N. Carbon Nanotube Arrays Prepared by MWCVD. J. Phys. Chem. B 105, 11395–11398, (2001).
22. Chen, P.-L., Chang, J.-K., Kuo, C.-T. & Pan, F.-M. Anodic aluminum oxide template assisted growth of vertically aligned carbon 

nanotube arrays by ECR-CVD. Diam. Relat. Mater. 13, 1949–1953, (2004).



www.nature.com/scientificreports/

8Scientific RepoRts | 6:19822 | DOI: 10.1038/srep19822

23. Schneider, J. J. et al. Catalyst free growth of a carbon nanotube–alumina composite structure. Inorg. Chimica Acta 361, 1770–1778, 
(2008).

24. Ferrari, A. C. & Basko, D. M. Raman spectroscopy as a versatile tool for studying the properties of graphene. Nat. Nanotechnol. 8, 
235–246, (2013).

25. Tuinstra, F. & Koenig, J. L. Raman Spectrum of Graphite. J. Chem. Phys. 53, 1126, (1970).
26. Matthews, M. J., Pimenta, M. A., Dresselhaus, G., Dresselhaus, M. S. & Endo, M. Origin of dispersive effects of the Raman D band 

in carbon materials. Phys. Rev. B 59, R6585–R6588, (1999).
27. Ferrari, A. C. & Robertson, J. Interpretation of Raman spectra of disordered and amorphous carbon. Phys. Rev. B 61, 14095–14107, 

(2000).
28. Knight, D. S. & White, W. B. Characterization of diamond films by Raman spectroscopy. J. Mater. Res. 4, 385–393, (1988).
29. Ferrari, A. C. et al. Raman Spectrum of Graphene and Graphene Layers. Phys. Rev. Lett. 97, (2006).
30. Li, H. et al. Thermal conductivity of twisted bilayer graphene. Nanoscale 6, 13402–13408, (2014).
31. Tu, J. P., Zhu, L. P., Hou, K. & Guo, S. Y. Synthesis and frictional properties of array film of amorphous carbon nanofibers on anodic 

aluminum oxide. Carbon 41, 1257–1263, (2003).
32. Hou, P., Liu, C., Shi, C. & Cheng, H. Carbon nanotubes prepared by anodic aluminum oxide template method. Chinese Sci. Bull. 57, 

187–204, (2011).
33. Prasad, B. L. V. et al. Heat-treatment effect on the nanosized graphite π -electron system during diamond to graphite conversion. 

Phys. Rev. B 62, 11209–11218, (2000).
34. Fang, J., Levchenko, I., Han, Z. J., Yick, S. & Ostrikov, K. K. Carbon nanotubes on nanoporous alumina: from surface mats to 

conformal pore filling. Nanoscale Res. Lett. 9, 390, (2014).
35. Aramesh, M. et al. Multifunctional three-dimensional nanodiamond-nanoporous alumina nanoarchitectures. Carbon 75, 452–464, 

(2014).
36. Nikiforov, I., Dontsova, E., James, R. D. & Dumitrică, T. Tight-binding theory of graphene bending. Phys. Rev. B 89, (2014).
37. Rümmeli, M. H. et al. On the Graphitization Nature of Oxides for the Formation of Carbon Nanostructures. Chem. Mater. 19, 

4105–4107, (2007).
38. Bernier, N. et al. A methodology to optimize the quantification of sp2 carbon fraction from K edge EELS spectra. J. Electron. 

Spectrosc. 164, 34–43, (2008).
39. Brydson, R., Zhili, Z. & Brown, A. In EMC 2008 14th European Microscopy Congress 1–5 September 2008, Aachen, Germany (eds 

Martina, Luysberg, Karsten, Tillmann, & Thomas, Weirich) Ch. 179, 357–358 (Springer Berlin Heidelberg, 2008).
40. Kyotani, T., Tsai, L.-F. & Tomita, A. Preparation of Ultrafine Carbon Tubes in Nanochannels of an Anodic Aluminum Oxide Film. 

Chem. Mater. 8, 2109–2113, (1996).
41. Bard, A. J. & Faulkner, L. R. Electrochemical Methods: Fundamentals and Applications. (John Wiley & Sons, 2000).
42. Doménech-Carbó, A. Electrochemistry of Porous Materials. (CRC Press, 2009).
43. Xia, J., Chen, F., Li, J. & Tao, N. Measurement of the quantum capacitance of graphene. Nat. Nanotechnol. 4, 505–509, (2009).
44. Ji, H. et al. Capacitance of carbon-based electrical double-layer capacitors. Nat. Commun. 5, 3317, (2014).
45. Ben Ali, M. et al. Formaldehyde assay by capacitance versus voltage and impedance measurements using bi-layer bio-recognition 

membrane. Biosens. Bioelectron. 22, 575–581, (2006).
46. Satyanarayana, S., McCormick, D. T. & Majumdar, A. Parylene micro membrane capacitive sensor array for chemical and biological 

sensing. Sensor Actuat B-Chem 115, 494–502, (2006).
47. Barreiro, A. et al. Understanding the catalyst-free transformation of amorphous carbon into graphene by current-induced annealing. 

Sci. Rep. 3, 1115, (2013).
48. Vlassiouk, I. et al. Role of hydrogen in Chemical Vapor Deposition growth of large single-crystal graphene. ACS Nano 5, 6069–6076, 

(2011).
49. Nordahl, C. S. & Messing, G. L. Sintering of α -Al2O3-seeded nanocrystalline γ -Al2O3 powders. J. Eur. Ceram. Soc. 22, 415–422, 

(2002).
50. Park, J., Lee, J., Choi, J. H., Hwang do, K. & Song, Y. W. Growth, Quantitative Growth Analysis, and Applications of Graphene on 
γ -Al2O3 catalysts. Sci. Rep. 5, 11839, (2015).

51. Song, H. J. et al. Large scale metal-free synthesis of graphene on sapphire and transfer-free device fabrication. Nanoscale 4, 
3050–3054, (2012).

52. Incropera, F. P. & Incropera, F. P. Fundamentals of heat and mass transfer. 6th edn, (John Wiley, 2007).
53. Boyd, T. J. M. & Sanderson, J. J. The Physics of Plasmas. (Cambridge University Press, 2003).
54. Zhan, H. Study of arc discharge characteristics optimization of a mega-watt high current ion source M.Sc. thesis, University of 

Chinese Academy of Sciences, (2012).
55. Kirschner, A., Philipps, V., Winter, J. & Kögler, U. Simulation of the plasma-wall interaction in a tokamak with the Monte Carlo code 

ERO-TEXTOR. Nucl Fusion 40, 989, (2000).
56. Lieberman, M. A. & Lichtenberg, A. J. Principles of plasma discharges and materials processing. 2nd edn, (Wiley-Interscience, 2005).
57. Zhan, H. & Hu, C. Kinetic solutions for electrons in multi-cusp ion source. Appl. Phys. Lett. 99, 221501, (2011).
58. Godyak, V. A., Piejak, R. B. & Alexandrovich, B. M. Electron energy distribution function measurements and plasma parameters in 

inductively coupled argon plasma. Plasma Sources Sci. Technol. 11, 525–543, (2002).
59. Greenwood, N. N. & Earnshaw, A. Chemistry of the elements. 2nd edn, (Butterworth-Heinemann, 1997).
60. Yamada, T., Kim, J., Ishihara, M. & Hasegawa, M. Low-temperature graphene synthesis using microwave plasma CVD. J. Phys. D 

Appl. Phys. 46, 063001, (2013).

Acknowledgements
The authors would like to thank RMIT Microscopy and Microanalysis Facility (RMMF) for sharing their 
equipment. HZ and NVA are supported by a Melbourne International Research Scholarship and a Melbourne 
Materials Institute (MMI)-CSIRO Material Science PhD Scholarship, respectively. The Bionics Institute 
acknowledges the support they receive from the Victorian Government through its Operational Infrastructure 
Program. JC and DJG are supported by Australian Research Council DECRA Grants DE120101100 and 
DE130100922 respectively.

Author Contributions
J.C. initiated the idea of graphitizing a-C-AAO into G-AAO. H.Z. designed the experiments by PECVD, 
introduced the idea of dielectric spacer and prepared the samples. H.Z and J.C. designed and performed the 
thermal graphitization experiments, SEM, Raman and electrical analyses. J.C., H.Z. and D.L. conducted TEM and 
EELS analyses. H.Z., N.A. and D.G. performed the electrochemical characterization. K.G. and H.Z. conducted the 
HF corrosion test. H.Z. performed the calculation and discussed the results with J.C., S.P. and D.G. H.Z. wrote the 
paper, and J.C. helped revising it. All authors commented on the manuscript.



www.nature.com/scientificreports/

9Scientific RepoRts | 6:19822 | DOI: 10.1038/srep19822

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Zhan, H. et al. Direct fabrication of 3D graphene on nanoporous anodic alumina by 
plasma-enhanced chemical vapor deposition. Sci. Rep. 6, 19822; doi: 10.1038/srep19822 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Direct fabrication of 3D graphene on nanoporous anodic alumina by plasma-enhanced chemical vapor deposition
	Introduction
	Results
	Raman spectroscopy
	SEM
	TEM and EELS
	HF corrosion test
	Electrical resistance
	Electrochemical capacitance

	Discussion of the growth mechanism
	Thermal isolation
	Plasma-enhanced graphitization

	Conclusions
	Methods
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Direct fabrication of 3D graphene on nanoporous anodic alumina by plasma-enhanced chemical vapor deposition
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19822
            
         
          
             
                Hualin Zhan
                David J. Garrett
                Nicholas V. Apollo
                Kumaravelu Ganesan
                Desmond Lau
                Steven Prawer
                Jiri Cervenka
            
         
          doi:10.1038/srep19822
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep19822
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep19822
            
         
      
       
          
          
          
             
                doi:10.1038/srep19822
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19822
            
         
          
          
      
       
       
          True
      
   




