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Metal-free growth of carbon nanotubes/fibers (CNT/Fs) using chemical vapor deposition (CVD) on
semiconducting and insulating substrates is of interest in the context of the construction of nanoscale
electronic devices. However, controllable synthesis of CNT/Fs without the aid of metal catalysts is an
ongoing challenge. Here we report the direct CVD synthesis of CNT/Fs on the perovskite oxides SrTiO3
(STO) and Bag ¢Sro.4TiO3 (BST). A variety of processing steps were used on STO (001) substrates to create a
set of six patterns with varying atomic-scale surface roughnesses. These substrates were all subjected to
the same CVD growth conditions, and a correlation was found between the surface roughness of the
substrates and the density of CNT/Fs. This indicates that nanometer-scale asperities on the substrates act
as the catalytically active sites for CNT/F growth. In a separate set of experiments the surfaces of polished
polycrystalline BST samples were investigated. The random orientation of the exposed etched facets of
the individual grains revealed significantly different catalytic activity for CNT/F growth. Our study
demonstrates the great influence of the nature of the crystal surface condition on the catalytic activity of

the substrates and is a critical first step towards perovskite oxide catalyst design.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Many evolving electronic technologies require low dimensional
carbon materials such as graphene and carbon nanotubes or fibers
(CNT/Fs) that are free from the residues of metal catalysts. Metal-
catalyst-free growth of novel carbon nanomaterials has been ach-
ieved to date by using chemical vapor deposition (CVD) processes
in conjunction with oxides and nitrides as the catalysts materials
[1-7]. For example, graphitic layers have been grown on MgO
crystals [8], graphene has been synthesized on SiO, [9—13], Al,03
[14,15] and glass [16—18] surfaces, and single-walled CNTs have
been generated from SiO; [19—21] and TiO, [22,23] particles/
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composites.

Perovskite oxides, such as SrTiO3 (STO) and BaSrTiOs (BST), are
important technological materials that are used as oxygen sensors
[24], as electrodes in fuel cells [25], in tunable microwave systems
[26], and as catalysis platforms [27,28]. Recently we reported that a
BST substrate was able to accommodate the controlled growth of
carbon helical structures [27] and a further study by Sun et al.
demonstrated that high-quality monolayer graphene can be grown
directly onto STO single crystals via catalyst-free CVD [29].

In this paper we present the results of a series of experiments
where CVD was used to synthesize CNT/Fs on the perovskite oxides
STO and BST. The main result is that variations in the nanometer-
scale surface structure give rise to differences in CNT/F yields that
vary by orders of magnitude. This insight will be a cornerstone in
the design of future perovskite oxide catalyst materials for the
growth of graphitic tubular structures.

2. Experimental
2.1. STO (001) substrate engineering

Epi-polished STO (001) samples (PI-KEM Ltd, UK), doped with
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0.5%wt Nb were used as substrates. An ultra-high vacuum (UHV)
system, incorporating a treatment chamber, an Ar" ion sputter
source, and a scanning tunneling microscope (STM) [24], was used
for the treatment and characterization of the substrates prior to
their transfer to the CVD growth apparatus. A series of STO (001)
substrates with different surfaces structures was created as re-
ported in detail in our previous papers [30—38]. Below we briefly
summarise the preparation conditions.

Sputtered: The as-received STO sample was first degassed, fol-
lowed by Ar" ion bombardment with an ion energy of 0.75 keV
and an ion flux of 1.28 A m~2 for 20 min. This procedure leads to
the roughest surface that was investigated.

BHF-etched: The as-received STO sample was etched for 10 min
in a buffered HF (NH4F—HF) solution (pH = 4.5), in accordance
with the recipe described by Kawasaki et al. [39] This treatment
removes any surface SrO layers resulting in a rough surface with
only TiO; terminations.

Degassed: The as-received STO sample was introduced into the
UHV system and annealed at 600 °C for up to 1 h. This process
produces a relatively rough surface, but where most of the
surface contamination has been removed.

(2x1)-reconstructed: This reconstructed surface was prepared
by annealing the sample in UHV at 800 °C for 30 min.
Nanostructured: The surface decorated with TiO, nanostructures
was produced by Ar* ion sputtering (0.75 keV, 1 A m~2, 10 min)
and subsequently annealing in UHV at 900 °C for 30 min.
c(4x2)-reconstructed: The STO (001) c(4 x 2) reconstructed
surface was produced through Ar* ion sputtering (0.75 keV,
1 A m~2, 10 min), followed by annealing at 1200 °C for 15 min.
Scratched: To create the scratched STO substrates, as-received
STO samples were first etched in the BHF solution for 5 min
and then scratched using a diamond scribe to avoid any metal
contamination. This procedure results in STO particles deposited
around the scratch site (Fig. S1, Supporting Information).

2.2. Polycrystalline BST substrate engineering

Epi-polished polycrystalline BaggSro4TiO3 substrates (PI-KEM
Ltd, UK) were used. The BST samples were etched for 10 min in the
BHF solution, as described above, and then cleaned using ethanol
and deionized water.

2.3. CVD procedure for the growth of CNT/Fs

For CNT/F growth, both EtOH-CVD and C;H,-CVD were carried
out on the STO and BST substrates. The substrates were inserted
into a quartz tube (2.2 cm inner diameter), which was then placed
in a 50 cm long horizontal furnace. To ensure that the process was
completely free of metal catalysts, a brand new quartz furnace tube
was employed for each CVD run, and plastic tools were used for
sample handling. For EtOH-CVD, C;H50H (Aldrich 99.5%) was used
as the carbon feedstock and was introduced via an ultrasonic piezo-
driven aerosol generator (RBI Pyrosol 7901). In a typical CVD
experiment, C;Hs0H was carried by an Ar/H, mixture and intro-
duced to the furnace tube after it had reached the growth tem-
perature. After the growth, the furnace was switched off and the
quartz tube was cooled down to room temperature in Ar. For C;H;-
CVD, GH, (BOC, UK) as carbon feedstock was directly introduced
along with Ar and Hj, the gas flow rate was always set at 20—40
standard cubic centimetres per minute (sccm) for the duration of
growth. It is worth noting that the samples were subjected to an H;
(800 sccm for 5 min) anneal at the growth temperature before the
introduction of the carbon feedstock (C;H50H or CoH)).

2.4. Characterization

Prior to the CVD growth process, the set of STO (001) substrates
was characterized with an STM (JEOL JSTM 4500xt) using an elec-
trochemically etched W tip with the bias voltage applied to the
sample. The polycrystalline BST substrates were characterized us-
ing an atomic force microscope (AFM) (Veeco Park CP AutoProbe)
operated in tapping mode. Following the growth of the CNT/Fs, the
samples were analyzed in a JEOL JSM 840F scanning electron mi-
croscope (SEM, 5 kV), and a JEOL JEM 4000HR transmission elec-
tron microscope (TEM, 80 kV). The quality of the CNT/Fs was
determined by Raman spectroscopy using a JY Horiba Labram
Aramis imaging confocal Raman microscope with a 532 nm fre-
quency doubled Nd:YAG laser. Electron backscatter diffraction
(EBSD) measurements were performed in a JEOL JSM 6500F SEM at
20 kV. White-light interferometric microscopy (Micro-XAM) data
were generated with an Omniscan Micro-XAM 5000B 3D instru-
ment. Elemental analysis for the grown samples was performed
using energy-dispersive X-ray spectroscopy (EDX) in an SEM (JEOL
JSM 840A) and a TEM (JEOL JEM 2010) TEM. X-ray photoelectron
spectrometry (XPS) was performed with radiation from the Mg Ka
band (hu = 1253 eV) using a VG Clam electron energy spectrometer.

3. Results and discussion

3.1. Surface-roughness-tailored growth of CNT/Fs on STO (001)
substrates

Surface roughness studies were conducted by preparing a series
of substrates that all exhibited different surface structures. These
were as follows: Ar' ion sputtered, BHF-etched, degassed, (2 x 1)-
reconstructed, nanostructured and c(4 x 2)-reconstructed. The
preparation processes are described in the experimental section.
Fig. 1 shows typical STM images of the c(4 x 2) (a1), nanostructured
(b1) and sputtered (cq) surfaces in the left column and the corre-
sponding representative SEM images following CNT/F growth in
the right column (az-cz). The same growth conditions for all the
samples was EtOH-CVD in an Ar/H; (400/200 sccm) atmosphere at
a growth temperature of 700 °C for 30 min. The different surface
structures clearly give rise to different yields of CNT/Fs. The
atomically flat c(4 x 2) reconstructed surface yields no measurable
CNT/Fs and appears to be catalytically inert, whereas the Ar" ion
sputtered sample produces a dense matt of CNT/Fs.

We carried out a detailed investigation of the Ar ion sputtered
sample, before and after CNT/F growth. The SEM, transmission
electron microscopy TEM, and Raman spectroscopy results are
shown in Fig. S2. The CNT/Fs had typical diameters between 8 and
18 nm, an areal density of 3.4 x 10°+ 1.7 x 10° cm~?, and were of
good quality considering the relatively low growth temperature of
700 °C. To verify that a metal-catalyst-free growth process had
indeed taken place, XPS measurements were performed on the
sputtered samples before and after CVD growth (Fig. S3), and no
metal contaminants were found.

To investigate the relationship between the roughness of the
surfaces and their CNT/F yield, we carried out a detailed analysis of
the samples with different surface structures. In addition to the
images from Fig. 1, the STM images of the BHF-etched, degassed,
and (2 x 1)-reconstructed samples are shown next to their CNT/F
growths in Fig. S4. The areal root-mean-square (rms) surface
roughness of the various STO substrate surfaces and the corre-
sponding areal CNT/F count is plotted in Fig. 2. The rms surface
roughness for each substrate was obtained by typically averaging
the results of 20 STM images. The values of the densities of CNT/Fs
were obtained by analyzing the SEM micrographs. The errors
(shown as error bars along both the x and y axes in the plot)
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Fig. 1. Surface structure dependent CNT/F growth on SrTiO3 (001) substrates by direct
EtOH-CVD. Left column: STM images of (a;) c¢(4 x 2)-reconstructed, (b;) nano-
structured, and (c;) sputtered substrates. Right column: (a,-c;) SEM images of CNT/Fs
grown on corresponding SrTiOs substrates. (A color version of this figure can be
viewed online).
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Fig. 2. Plot of the areal rms surface roughness of the SrTiO3 (001) substrates versus the
areal density of CNT/Fs grown on them by CVD. (A color version of this figure can be
viewed online).

represent the standard deviations of the measurements. The data
point for the c(4 x 2)-reconstructed surface (rms roughness
0.15 + 0.07 nm) is not included in the plot because no CNT/Fs were

seen on this surface after the CVD process. It should also be pointed
out that there was a significant variation in the yield obtained from
the (2 x 1)-reconstructed samples, where some of these surfaces
showed a very low CNT/F yield. In Fig. 2 the (2 x 1) data point is
only made up from (2 x 1) surfaces where a meaningful measur-
able yield was observed.

As can be readily seen in the plot, there is a strong correlation
between the rms roughness of the surfaces of the samples and the
logarithm of the CNT/F density. This relationship leads us to spec-
ulate that nanoscale STO surface asperities act as the nucleation
sites for CNT/F growth. Highly ordered surfaces, such as the
atomically flat c(4 x 2) and (2 x 1) reconstructed surfaces have very
few asperities that are large enough to stimulate CNT/F growth. In
contrast, the Ar™ ion sputtered surface has a broad range of as-
perities of varying sizes and shapes that can readily act as CNT/F
nucleation sites.

Early work on laser-etched quartz substrates also suggested that
surface roughness may play a significant role in the nucleation
behavior of multi-wall carbon nanotubes [40]. To further investi-
gate the nature of STO asperities for stimulating CNT/F growth, we
carried out EtOH- and C;Hy-CVD on STO scratched substrates.
Scratching the STO surface prior to CVD using a diamond scribe
leads to the generation of a surface containing nanometer- and
micron-sized STO particles with a variety of curvatures. For EtOH-
CVD, our growth experiment was carried out at a temperature of
700 °C. The samples were subsequently characterized by SEM, EDX,
XPS and Raman spectroscopy, and indicate that CNT/Fs were
generated from the scratching mark via a metal-catalyst-free pro-
cess (Fig. S5). The results from the C;H,-CVD growth at 700 °C are
shown in Fig. 3. The SEM micrograph in Fig. 3a shows the CNT/Fs
that grew on the scratched sample. The TEM image in Fig. 3b shows
that the formation of CNT/Fs occurs at the periphery of the white-
circled particle marked with a “c”. EDX measurements from the
catalyst particle “c” are presented in Fig. 3c and show the presence
of the elements Sr, Ti, O, C, and Cu, which result from the SrTiO3
catalyst particle, the carbon CNT/F, and the copper TEM grid
(Fig. 3d). XPS measurements were also performed on the samples
(Fig. 3e), and there is no indication of the presence of conventional
types of metal catalysts (e.g. Fe, Co, Ni). This study of the scratched
surface complements the previous results on the set of STO (001)
surfaces and provides further evidence that STO asperities and
small particles act as catalysts for the nucleation of CNT/Fs during
CVD growth.

3.2. Facet-orientation-dictated growth of CNT/Fs on BST polycrystal
substrates

So far we have shown how an STO crystal with the (001) crys-
tallographic orientation can be modified in different ways to pro-
duce surfaces that have different CNT/F yields. In the next part of
the paper we show that the facet orientation of individual grains
within a BST polycrystal is also a significant factor in catalyzing the
nucleation and growth of CNT/Fs. The BST polycrystals were
delivered pre-polished and prior to carrying out our experiments
we etched them in a BHF solution. The etching treatment removes
the polishing damage and any metal nanoparticle contamination,
giving rise to a clean polycrystalline BST surface with a large variety
of randomly oriented grain facets. These samples were character-
ized by SEM, AFM and Micro-XAM as shown in Fig. S6, which show
typical grain diameters of the order of a few pm. To grow CNT/Fs on
the etched BST samples, EtOH-CVD and C;H,-CVD were employed
at a growth temperature of 750 °C with mixed carrier gases (Ar/Ha:
500/500 sccm) flowing during the reaction. EDX and XPS analyses
for the etched and post-grown samples were performed to verify
that a metal-catalyst-free CVD process had taken place (Fig. S7).
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Fig. 3. Characterization of CNT/Fs grown on scratched SrTiO5 surfaces by C;H,-CVD at a growth temperature of 700 °C. (a) SEM and (b) TEM observations of the grown sample. Scale
bars: (a) 500 nm. (b) 20 nm. (c,d) EDX spectra of the white-circled regions in (b). The EDX spectrum (c) of the catalytic nanoparticle trapped within the tube demonstrates that it is
SrTiOs. The EDX spectrum (d) of the TEM grid shows the Cu background signal. (e) XPS spectrum of the as-grown sample showing a surface that is free from metallic species such as

Fe, Co, Ni and Cu.

The influence of the facet orientation of the grains on the CNT/F
yield can be clearly seen in the SEM image library shown in Fig. 4.
Some facets support prolific growth of CNT/Fs, whereas other facets
produce nothing at all. Fig. 4a and b are SEM images at different
magnifications, which show the growth of CNT/Fs on the BST
polycrystalline surface by EtOH-CVD. Similar growth behavior was
observed when C;H;,-CVD was used (Fig. 4c and d). Shorter growth
times of 30 s were also tested (Fig. 4e and f) and show ostensibly the
same result, namely that the CNT/Fs nucleation sites vary consid-
erably depending on the grain facets. The influence of grain ori-
entations has been investigated in detail by us with respect to the
CVD growth of graphene on Cu foil [41]. The quality of the as-grown
CNT/Fs was evaluated by Raman spectroscopy. The representative
Raman spectrum of the sample (Fig. 5) displays the three charac-
teristic peaks of graphitic tubular structures at the D (~1350 cm™1),
G (~1580 cm™!) and 2D bands (~2690 cm™!), confirming the high
purity of samples prepared in this work. It is worth-mentioning
that the Raman spectrum of a carbon nanotube displays a 2D
peak similar to that of graphene, which is not too surprising as it is
regarded as a rolled up sheet of graphene. The 2D band is the
second order of the D band, which is due to double resonance,
linking the phonon wavevectors to the electronic band structure
[42]. The importance of Raman 2D band for carbon nanomaterials
lies in the fact that it can be efficiently used to monitor the number

of layers for graphene [43] as well as to distinguish the doping type
of carbon nanotube [44].

The intensity of G band relative to that of the D band (Ig/Ip) is
often used as a measure of the quality with nanotubes, where a
comparison between obtained and published results is meaningful
to characterize the sample quality. The calculated Ig/Ip ratio in Fig. 5
is ~1.2, indicating that the carbon nanostructures are indeed CNT/Fs
but contain many defects. Representative results on the growth of
CNT/Fs over non-metallic catalysts are summarized in Table 1, with
the highlight of Raman I¢/Ip ratio. Note that our growth were
normally carried out at low reaction temperatures (i.e. <800 °C)
during metal-free CVD processes, the conditions of which are
consistent with the results reported in Refs. [46,47]. Our future
work would aim at the enhancement of CNT growth quality by
increasing the reaction temperature and/or designing perovskite
oxide catalyst nanoparticles.

To further probe the phenomenon of facet-related growth
behavior, SEM, electron backscatter diffraction (EBSD) and Micro-
XAM were used to co-investigate the same regions of the sample
following CNT/F growth. Fig. 6a—c depict an area of interest, where
the center of the images represent the same triple-junction. The
SEM image in Fig. 6a displays facet-selective growth of CNT/Fs on
the three grain facets. The facets numbered 1 and 3 contain a
substantial number of CNT/Fs, whereas facet 2 does not support
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Fig. 4. SEM image library of facet-selective growth of CNT/Fs grown on polycrystalline BHF-etched Bag gSro 4TiO3 surfaces. (a,b) EtOH-CVD and (c,d) C;H,-CVD were conducted for
growth periods of 5 min (e,f) Running C;H,-CVD for 30 s allows the observation of the nucleation stage of CNT formation. Scale bars: (a), (c) and (e) 3 pm. (b), (d) and (f) 1 pm. (A

color version of this figure can be viewed online).
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Fig. 5. Representative Raman spectrum of CNT/Fs grown on BHF-etched Bag gSrp 4TiO3
polycrystalline substrates.

CNT/F growth. Facet 1 has a greater areal density of CNT/Fs of
(415 + 07) x 108 cm™? compared with facet 2
[(23.8 + 0.9) x 10% cm™2]. Fig. 6b shows the EBSD map of the three

Table 1
Comparison of our work and previous reports on the growth of CNT/Fs by means of
metal-free CVD routes.

Substrate Obtained CNT/F type Raman Ig/Ip Ref.
SiOy/Si Single-walled CNTs 25 [20]
Diamond Single-walled CNTs 5-12 [45]
Carbon black Multi-walled CNT/Fs 0.7-11 [46]
Glass Multi-walled CNT/Fs 0.9-1.1 [47]
STO, BST Single/Multi-walled CNT/Fs 1.2 This work

different facets, which have substantially different orientations.
Facets 1, 2, and 3 lie near the (110), (001) and (111) crystal planes,
respectively, as shown in the colored EBSD triangle. The grains in
the polycrystalline sample are randomly oriented so we expect
random facet exposure on the sample surface. It is therefore simply
good fortune that we were able to select a triple junction in Fig. 6
that displays three facets that are close to the main crystallo-
graphic directions. The Micro-XAM image taken from the same area
is shown in Fig. 6¢, which shows small height differences between
the grains. These height differences are likely to indicate that the
BHF etching solution stripped away material to different depths. It
was not possible to use STM or AFM to measure the rms rough-
nesses of the different facets because of the irregular nature of the
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Fig. 6. (a) SEM, (b) EBSD and (c) Micro-XAM co-investigation of facet-selective growth
of CNT/Fs on a BHF-etched BagSro4TiO3 polycrystalline surface. The images were
taken from the same triple-junction on the sample. The numbers marked on each
image indicate the three different grain facets. A color triangle, used to index the EBSD
map in (b), is also shown in (d). Scale bars: (a) 1 pm. (b) 5 pm. (c) 2 pm. (A color version
of this figure can be viewed online).

polycrystalline surface that included pinholes. However, it is
reasonable to assume that the different facets respond differently
to the BHF etching process, resulting in different roughnesses on
the grain surfaces. As shown earlier for the STO (001) sample as
well as in other studies [19,48], surface roughness is one of the
paramount factors for producing CNT/Fs within a catalyst-free
process. The (001) surface is generally the most stable in perov-
skite oxides, and will therefore likely to result in a smooth surface
following the BHF etch. It is therefore not surprising that facet 2 in
Fig. 6, which lies near the (001) orientation has the lowest CNT/F
yield.

Fig. 7 shows a further set of results from SEM, EBSD and Micro-
XAM co-investigations of three different areas on the sample. The
CNT/F growth on the facets marked by yellow-colored numbers in
Fig. 7a1-c; are shown in the high-magnification SEM images in
Fig. 7a5-c3. The EBSD maps are shown in Fig. 7as-c3 and the Micro-
XAM images in Fig. 7a4-c4. Qualitative investigation of the data in
Fig. 7 indicates that facets that are near the (001) orientation (red
in az-c3) have the lowest CNT/F yield. Specifically these facets are
numbers 2 and 4 in (a3) and facet 3 in (bs). In contrast, facets near
the (110) orientation (green in in as-c3) have relatively high CNT/F
yields. This finding is in agreement with the results of Fig. 6. The
Micro-XAM images in Fig. 7 serve to demonstrate the different
etching rates on the grains. For example, in (aq) grain 2 is
96 + 27 nm higher than neighboring grain 4. We do not have a
sufficiently exhaustive data set to attempt a quantitative analysis
of the data in Fig. 7, but feel that there is enough evidence to
speculate that the BHF etch results in different surface rough-
nesses on the different facets and that this is responsible for the
varying CNT/F yields. Further, the facets near the stable (001)
orientation ought to be the smoothest and therefore have the
lowest yields.

taa) RS

Al

Fig. 7. (a;-c1) SEM overviews of three different areas of the Bag St 4TiO3 polycrystal following CNT/F growth. (a5-c,) High magnification SEM of the CNT/Fs. (a3-c3) EBSD and (as-C4)
Micro-XAM co-investigations of facet-selective growth of CNT/Fs with each row corresponding to the same site of interest. The numbers marked on the images indicate the different
crystal facets for each position. The CNT/F growth on the facets marked by yellow-colored numbers are correspondingly shown in the high-magnified SEM images in (a;-c;). Scale
bars: (a;-c1) 5 um. (a-c2) 1 pm. (as-c3) 5 um. (ag-c4) 10 um. (A color version of this figure can be viewed online).
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4. Conclusions

In summary we have demonstrated that perovskite oxides can
serve as effective catalysts to initiate the growth of CNT/Fs by a
direct CVD route. Based on this observation, we developed a series
of approaches to engineer the surfaces of STO (001) single crystals
to achieve roughness-tailored growth of CNT/Fs. We also demon-
strated facet-orientation-selective growth of CNT/Fs on BST poly-
crystalline substrates, and speculate that the surface roughness due
to the BHF etching process is similarly the key element in deter-
mining CNT/F yield. This work shows that the nanoscale surface
roughness of perovskite oxides is central to controlling the catalytic
reactivity and hence the yield for CNT/F growth. This result is a
milestone in the understanding of the design of future non-metal
catalysts for CNT/F synthesis.
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