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A B S T R A C T

This work is devoted to the synthesis of carbon nanowalls on the surface of a nanoporous aluminum oxide
membrane by radical-injection plasma enhanced chemical vapor deposition method. Nanoporous alumina oxide
membranes with different morphology and thickness, which were obtained by the method of two-stage elec-
trochemical anodization, were used as a substrate. For comparative analysis, carbon nanowalls were also ob-
tained on the surface of a silicon substrate and aluminum foil. The synthesized nanostructures were investigated
by using scanning electron microscopy and Raman spectroscopy. The dependence of the morphology and height
of carbon nanowalls on the pore size and the thickness of the alumina membrane, respectively, was revealed.

1. Introduction

Nowadays, various allotropic modifications of carbon nanomaterials
are of great interest in scientific community due to their unique phy-
sical and chemical properties [1–8]. One of the promising carbon na-
nostructures is carbon nanowalls (CNWs) which owing to the structural,
electrical, optical, and mechanical properties [3,8–9] has a wide area of
application as supercapacitors [10], sensors and electronics [11–12],
etc. CNWs are known as vertical graphene nanosheets [13–16], which
have three-dimensional structure and represent a form of labyrinth
(maze-like) surface with vertically oriented graphene nanosheets that
are freely perpendicular to the substrate. One of the features of the
CNWs is that for their synthesis the catalysts are not required, unlike for
carbon nanotubes. Hence, they can be synthesized on the substrates of
various materials [17–21], such as metals (stainless steel, Pt, Ti, Cu, Ni,
Mo, Zr, Hf, Nb, W) semiconductors (Si) and even on insulators (Al2O3,
quartz). Due to the large surface area, CNWs are potential candidate
material for using as electrodes in lithium-ion batteries, as electron field
emitters, as catalyst supports in fuel cells, and as an electrode or active
material in solar cell [22]. In this relation, morphology of CNWs plays
one of the important roles in such applications. Indeed, V.A. Krivchenko

et al. in [9] reported that CNWs with structural imperfections, presence
of edge states and high surface density can demonstrate remarkable
optical properties; thereby the total reflectance can reach up to 0.13%,
which exceeds that of carbon nanotube forest. Further, H.J. Cho et al.
showed that the electrical conductivity of CNWs depends on their linear
density (number of walls per micron), wherein an increase in density
leads to an improvement in electrical properties [23]. Thus, control of
the growth of CNWs is a very urgent task and there is a lot of reports on
this topic [23–26] related to the study of the influence of plasma
parameters on their growth. And all of them are aimed at obtaining
nanowalls with certain structural and geometric characteristics. In this
paper, we propose another method for controlling the growth of CNWs,
i.e. control of nanowall growth along a known trajectory (in a certain
order) by using nanoporous membranes.

The nanoporous membrane is another type of perspective nano-
materials, with one of the distinct representatives – nanoporous alu-
minum oxide (alumina), that is widely used for drug delivery, catalysis,
energy storage, sensors and various biological applications [27–28].
Besides, nanoporous aluminum oxide membranes are used as templates
for the fabrication of various nanostructures, such as nanofibers, na-
notubes, nanoparticles etc. with the very specific and controlled
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geometry [28–30].
In this work, synthesis of carbon nanowalls on the surface of the

nanoporous aluminum oxide membrane by radical-injection plasma
enhanced chemical vapor deposition (RI-PECVD) method is considered.
Since both carbon nanowalls and nanoporous membranes are very in-
teresting for the future applications, the complex study of their com-
bined properties, particularly growth mechanisms, will give us a new
direction of research. For these purposes, the effect of the pore size and
thickness of the aluminum oxide membrane on the growth of the CNWs
was considered.

2. Experimental part

2.1. Obtaining nanoporous alumina membranes

To obtain a nanoporous alumina membrane, a two-stage method of
electrochemical anodization was used [31]. Initial aluminum foil
(99.99% purity) with thickness of 50 μm was previously cleaned by
acetone, boiled in ethanol and dried in oven at 105 °C. After that the foil
was annealed in the muffle furnace at t = 500 °C for 3 h in air. Ano-
dizing process was carried out in a specially made fluoroplastic cell at
the bottom of which aluminum foil was attached to the large metal
holder (anode) for its effective cooling.

The cell was filled by electrolyte − 0.4 M aqua solution of oxalic
acid H3PO4 into which a tungsten electrode (the cathode) was plunged.
The electrolyte solution during the anodization process is stirred with a
magnetic stirrer. The morphology (pore size) and the thickness of the
resulting nanoporous membranes can be controlled by changing the
temperature and electrical voltage of the anodization. As a result of the
experiment, membranes with various pore sizes and thickness are
formed (as seen in the SEM images in Fig. 2).

2.2. Synthesis of CNWs by RI-PECVD method

As is mentioned above, the synthesis of CNWs on the surface of
nanoporous alumina membrane was carried out by RI-PECVD method.
The experimental setup and operation steps are well described in
[32–34]. RI-PECVD method uses two plasma sources. The first one is
the upper one, microwave plasma (MWP) generated with frequency of
2.45 GHz by microwave oven and power of 400 W, supplied through a
quartz window. The second one is the lower one, capacitively coupled
plasma (CCP) with parallel electrode system generated with frequency
of 100 MHz (very high frequency; VHF) and power of 1–400 W. The
generation of hydrocarbon radicals occurs in the following steps: hy-
drogen gas (H2) is introduced into the MWP region for formation of H
atoms, which then flew into the lower CCP region through the “sho-
werhead” type electrode system, then methane gas (CH4) is introduced
into the working chamber through the showerhead electrode to gen-
erate hydrocarbon radicals. The ratio of the flow rates of CH4 to H2 in
this study was maintained at 1:2, i.e. 50 and 100 sccm, respectively.
The CH4/H2 ratio is important parameter for controlling the structure of
carbon materials. During the process, the pressure in the evacuation
position was maintained at 1 Pa to suppress the loss of ion bombard-
ment energy during ion collisions. The surface temperature of the
substrate was 500 °C, the synthesis time was 10 min. Nanoporous
aluminum oxide of various pore size and thickness was used as a sub-
strate. Also, aluminum foil and silicon substrate were used for com-
parison of CNWs syntheses.

3. Results and discussion

The obtained samples of CNWs were investigated by using scanning
electron microscopy (SEM) and Raman spectroscopy. Fig. 2 shows the
results of SEM analysis of CNWs synthesized on the surface of alu-
minum foil and silicon substrate. The CNWs on the surface of a silicon
substrate have a denser appearance compared with the ones

synthesized on aluminum foil. Moreover, it can be noticed, that CNWs
on Si demonstrate a petal-like structure, while CNWs on Al have a
maze-like configuration.

Fig. 3 shows the results of SEM analysis of the CNWs synthesized on
the surface of nanoporous alumina with different pore sizes and
thicknesses. As can be seen from Fig. 3a, b and c, the morphologies of
the CNWs on the surface of alumina membrane with pore sizes of 114,
155 and 169 nm are same and practically unchanged from that of the
CNWs obtained on aluminum foil. Interesting results were obtained in
case of using substrates with pore sizes of 200 and 75 nm. One can see
that in case of pore size of 200 nm the density of the CNWs looks higher
due to the shorter length of walls and also the gaps between nanowalls
(similar size of initial pores of alumina membrane) can be observed
(Fig. 3d). It seems that this image well confirms the early conventional
theory of the growth mechanism of nanowalls that at the beginning of
growth process, randomly oriented carbon flakes start to grow mainly
in the horizontal direction and then few vertical CNWs grow con-
tinuously forming a bigger one. However, the morphology of the
membrane differs from the morphology of the silicon substrate. In this
case, the difference in the growth mechanism of nanowalls appears. We
believe that the pore size and the surface of the membrane have a very
strong effect on the initial growth of nanowalls. If to compare the
membranes shown in Fig. 1, it's seen that the smaller the pore size of the
membranes, the larger the surface for the formation of the interface
layer and the growth of nanowalls. Does it mean that the density of the
nanowalls will be less if the surface area of the membrane for the for-
mation of nanowalls nuclei is smaller? In fact, it turned out the opposite
(Fig. 3d and e). In the case of a smaller pore size of the membrane
(75 nm), the nanowalls growth mechanism is similar to that described
above. At the same time, at the beginning of growth, carbon flakes can
grow both in vertical and horizontal directions due to the surface cur-
vature of the membrane at the edge of the pores. Indeed, Fig. 3e2 shows
that the pores of the membranes are closed by nanowalls and their roots
are combined. In the case of a membrane with large pores, the vertical
growth mechanism of carbon flakes strongly prevails compared to the
horizontal one. In this case, the growth of each flake is carried out in-
dependently, forming individual nanowalls and thus increasing their
density (Fig. 3d). SEM images of cross section of all samples are shown
in Fig. 3a1–3e1. The values of average length, height and pore surface
density of CNWs synthesized on alumina membranes with different
diameter of pores and thicknesses are shown in Table 1. It’s seen that
for samples #2–4 with closer characteristics (pore diameters and
thicknesses of membranes) the average lengths and pore surface den-
sities of synthesized CNWs are more similar, than for samples #1 and
#5, which have significant differences by parameters from those sam-
ples. At the same time, there is a quite clear tendency to increase and
decrease the pore surface density and the average length of CNWs with
an increase and decrease in pore diameter of alumina membranes, re-
spectively. Obtained results are in good correlation with our explana-
tion of the growth mechanism of CNWs on the surface of the membrane.
It is seen that the values of thickness of the nanoporous aluminum oxide
substrate are in range of 3–18 μm, whereas the heights of the CNWs are
in range of 85–907 nm. It was found that the increase in alumina
thickness leads to a decrease in height of the CNWs. This phenomenon
can be explained by the fact that thermal and electrical conductivity of
the nanoporous substrate changes depending on its thickness and due to
this, the height of the synthesized CNWs changes too. A similar result
was obtained by authors in work [17], they studied how a type of
substrate can affect the synthesis of CNWs and found that for the same
synthesis time the growth speed of CNWs on insulators is much lower
compared with that on metals (see Fig. 4).

The Raman spectra of the obtained samples are shown in Fig. 5,
which fully correspond to the typical spectrum of CNWs with pro-
nounced D, G, D', G' (2D), G + D peaks. The D mode is associated with
defects in sp2 structures, the G mode is usually observed in graphite
materials, the D' peak corresponds to the violation of the symmetry of
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Fig. 1. SEM image of the alumina membranes obtained at different temperature and voltage values.

Fig. 2. SEM image of the CNWs on the surface of a silicon substrate (a) and aluminum foil (b).
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the final size of the sp2 crystal and the appearance of graphene edges,
the G' peak (2D) is the second-order of the D mode (appearance of 2D-
peak, considered as a fingerprint of carbon material, crystalline) and
peak G + D (D'') is a band of a combination of G and D peaks. Table 2
presents the ratio of the intensities of the peaks D and G (ID/IG), D' and

G (ID'/IG), 2D and G (I2D/IG). As can be seen, the ratio of D and G peaks
(ID/IG), which indicates the degree of imperfection in the structure
[35], is practically the same in all samples, except for the sample where
the thickness of nanoporous aluminum is 10 μm and the height of the
CNWs is 334 nm, in this case, a significant defective structure is

Fig. 3. SEM image of the CNWs on the surface of nanoporous alumina membranes with different pore sizes and thicknesses (the pore sizes as well as the thickness of
membranes and the height of CNWs are given in the left and middle columns, respectively).

Table 1
The main characteristics of CNWs synthesized on alumina membranes with different pore sizes and thicknesses.

Samples Diameter of pores of alumina membranes,
nm

Thickness of alumina membranes,
µm

Average length of CNWs,
nm

CNWs pore surface density, 1/
µm2

Height of CNWs, nm

#1 75 18 443 17 85
#2 114 7 351 26 634
#3 155 3 346 28 907
#4 169 4 371 23 671
#5 200 10 314 32 334
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observed. Apparently, the highest values of ID/IG (2.28) and ID’/IG can
be explained by the largest diameter of alumina pores (200 nm) that
define the defective structure of initial small graphite grains. It is also

interesting to notice, that CNWs grown on Al foil, Si substrate and Al2O3

with the smallest (75 nm) pores have the lower I2D/IG values comparing
with that of CNWs grown on the rest Al2O3 porous membranes. This can
indicate that the walls forming on highly porous alumina substrates are
thinner, i.e. have the lower number of graphene layers, due to the
higher speed of the vertical growth.

4. Conclusion

In this work, the synthesis of CNWs on the surface of nanoporous
alumina membrane by RI-PECVD method was considered. The influ-
ence of the pore sizes and thicknesses of the nanoporous aluminum
oxide substrate on the height, morphology, and structural character-
istics of the synthesized CNWs was studied. It was found that the in-
crease in alumina thickness leads to the decrease in height of the CNWs.
Estimated ratio of D and G peaks (ID/IG), which indicates the degree of
imperfection in the structure, showed the same values in all samples,
except for the sample where the thickness of nanoporous aluminum is
10 μm and the height of the CNWs is 334 nm, in this case, a significant
defective structure is observed. Interesting result was obtained in case
of CNWs synthesis on the surface of aluminum oxide membrane with
pore size of 200 nm. It was found that the wider pore size the more
visible the initial pore of alumina, i.e. the more perfectly CNWs re-
plicate (or reproduce) the surface structure of nanoporous membrane. It
was determined that the walls forming on highly porous alumina sub-
strates are thinner, i.e. have the lower number of graphene layers, due
to the higher speed of the vertical growth.
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