
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 1
1:

52
:1

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Recovery of was
aMolecular Science Institute, School of Che

Johannesburg, 2050, South Africa. E-mail: f
bDST-NRF Centre of Excellence in Strong M

WITS, 2050, Johannesburg, South Africa
cPolymers and Composites, Materials and Ma

South Africa

Cite this: RSC Adv., 2020, 10, 28090

Received 27th April 2020
Accepted 8th July 2020

DOI: 10.1039/d0ra03797d

rsc.li/rsc-advances

28090 | RSC Adv., 2020, 10, 28090
te gold for the synthesis of gold
nanoparticles supported on radially aligned
nanorutile: the growth of carbon nanomaterials

Farai Dziike, *ab Paul J. Franklyn,a Lerato Hlekelele c and Shane Durbachab

Precious and expensive metals are lost each year through the discarding of old jewellery pieces and mine

tailings. In this work, small amounts of gold were recovered by digestion with aqua regia fromwaste tailings.

The recovered gold in the form of HAuCl4 was then used to deposit Au0 onto radially aligned nanorutile

(RANR) to form a supported catalyst material. The support material, RANR, was synthesized using the

hydrothermal technique whereas the deposition of gold was achieved using the deposition–precipitation

with urea method at various loadings. Electron microscopy was used to show that the structure of the

support is a sphere formed by multiple nanorods aligned in a radial structure. The Au nanoparticles were

observed at the tips of the nanorods. It was confirmed by XRD that the support was indeed a rutile phase

of TiO2 and that the Au nanoparticles had a face-centred cubic structure. The various catalysts were

then used to synthesize carbon nanomaterials (CNMs) using the chemical vapour deposition technique.

A parametric study varying the reaction temperature, duration and carbon source gas flow rate was

conducted to study the effects these conditions have on the structural properties of the resulting CNMs.

Here, it was found that mainly carbon nanofibers were formed and that the different reaction conditions

influenced their graphicity, width, structure and thermal properties.
Introduction

Mineral waste found at mine dumps contains a lot of platinum
group metals that are both valuable and intoxicating to ora
and fauna.1 Some of the waste is processed to recover minor or
associated minerals and metals of value such as gold, titanium,
uranium and uorine, and progress has been made toward
processing or utilizing others but more remains to be done.
Large volumes of materials still are discarded annually
accounting for the loss of signicant mineral and metal value
which might be recovered to augment our primary mineral and
metal resource supply base. In addition to the mineral values
lost, the disposal of these materials imposes a substantial
economic and environmental burden on the industry and the
public. Special attention needs to be given to encouraging their
recycling.

In this regard, we have endeavoured to recover gold from
waste tailings. Apart from its use in jewellery, gold is a very
useful material, particularly in its nano form, in biological
systems,2,3 heterogeneous catalysis,4,5 plasmonics,6,7 analytical
mistry, University of the Witwatersrand,
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aterials, University of the Witwatersrand,

nufacturing Science, CSIR, Pretoria, 0001

–28099
sensors8–10 and devices'.11,12 In heterogeneous catalysis, gold
nanoparticles are more useful when supported on other mate-
rials in a way that increases (i) the surface area of the active, (ii)
stability and (iii) dispersion of the particles over a large surface
area. All these improvements yield better catalyst as it has been
shown previously with gold and other nano-catalysts in a variety
of applications. These include photocatalysis, growth of carbo-
naceous nanomaterials, water–gas shi reactions and hydro-
genation reactions among other heterogeneous catalysis
reactions.5,13–15

It was then decided that the gold beneciated would be used
to synthesize gold nanoparticles that would be supported on
a TiO2 nanostructure. The choice of TiO2 as catalyst support is
supported by extensive research and has been shown to have
distinct advantages over other types of supports. For instance,
Kumi et al. demonstrated that the reduction temperature of
ruthenium nanoparticles supported on rutile-TiO2 was superior
to that of unsupported ruthenium, showing increased thermal
stability.16 In another study by Klimova et al. they demonstrated
that molybdenum catalysts supported on TiO2 were more
potent at hydrodesulfurization than their reference materials
that did not contain TiO2.

The structural properties of the support material are also an
important factor to consider when designing a supported
catalyst. For instance, high-temperature catalytic reactions like
the growth of carbon nanomaterials, the TiO2-anatase would go
through a polymorphism transition at temperatures above 500–
This journal is © The Royal Society of Chemistry 2020
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600 �C. Rutile, on the other hand, is a much more stable poly-
morph and can handle the temperatures usually used for the
growth of carbon nanomaterials as we had previously demon-
strated.17 In other applications, the other polymorphs of TiO2

are preferable over rutile. For instance, the three polymorphs of
TiO2 were used as support material for gold for the catalytic
oxidation of carbon monoxide.18 They found that exposing the
catalysts to temperatures above 300 �C resulted in their deac-
tivation, particularly the Au supported on anatase catalyst while
the Au supported on brookite catalyst was the least
deactivated.18

Another consideration to be mindful of using TiO2 based
catalyst support is the structure of support itself. Nano TiO2

particles oen agglomerate and have low surface areas and this
limits its effectivity. Franklyn and co-workers observed that gold
nanoparticles supported on TiO2 nanoparticles demonstrated
oxidized CO almost as efficient as gold nano supported on
radially aligned nanorutile at low temperatures.19 However, at
high temperatures, Au supported on TiO2 nanoparticles was
deactivated because of sintering, a phenomenon commonly
observed for catalysts supported on TiO2 nanoparticles.19–23

The application of choice in this work is to use the catalyst to
synthesize carbon nanomaterials. This application was selected
because the envisioned product consists of carbon nano-
materials, TiO2 and Au nanoparticles, a combination of mate-
rials that has been shown to be effective for the
photodegradation of organic materials in wastewater.7,20,24–26

furthermore, this study is a parametric study that reports on
some of the factors that have been reported to inuence the
growth of carbon nanomaterials using a CVD setup.27–31

Experimental
Synthetic procedures

Gold recovery. Aqua regia was prepared by mixing 1 part 65%
nitric acid (HNO3, Sigma Aldrich South Africa) and 3 parts 37%
hydrochloric acid (HCl, Sigma Aldrich South Africa). This acid
mixture, 20 mL of it was gradually added to a beaker containing
2 g of nely ground ore processing tailings and allowed to stand
for 10 min. The mixture was then stirred magnetically while
heating to 60 �C for 20min to ensure thorough digestion. At this
point, the aqua regia liquid phase consisted of gold and other
metal chlorides and nitrates as well as a solid sludge. This
solution was allowed to cool to room temperature and was then
vacuum ltered to remove the sludge. The sludge was washed 3
times with 1% HCl. The ltrate was then heated to 120 �C until
almost all the liquid had been evaporated, at which point 5 mL
HCl was added. This process was repeated 3 times to completely
remove the nitric acid. The dissolved gold was then precipitated
out by adding a 1 gram of storm precipitant (previously dis-
solved in hot water, ca. 85 �C), stirring for 5 min and allowing
the mixture to stand undisturbed overnight. The gold was then
recovered by ltration and was washed using small amounts of
distilled water. The gold was then measured and found to be
33 mg. The solid was then dissolved in 10 mL hot aqua regia.
The nitric acid was removed by heating themixture until it dried
almost to completion, at which point 10 mL HCl was added.
This journal is © The Royal Society of Chemistry 2020
Catalyst preparation.Hydrothermal method of synthesis was
used to prepare RANR at 200 �C over 24 h as was reported in our
previous work.17 Briey, Au catalyst supported on RANR was
synthesised using deposition–precipitation using urea (DPU).
Chloroauric acid was prepared as outlined above and titanium
tetrachloride (TiCI4) was obtained from Sigma Aldrich. The DPU
process is explained in detail in our previous report.6 The
theoretical Au loadings onto The DPU enabled the loading of Au
catalyst nanoparticles in amounts of their respective calculated
weight percentages. Loadings of 0.25, 1, 5, 8 and 10 wt% was
achieved to give Au–RANR catalysts. The DPU experiments were
carried out at 80 �C for 24 h with subsequent washing and
calcination at 300 �C.

Synthesis of carbon nanomaterials. The CNMs were
synthesized using the chemical vapour deposition technique.
Here, The Au–RANR catalyst was placed in a quartz boat posi-
tioned at the centre of the furnace. The temperature maintained
at the centre of the furnace was varied at 300, 400, 500, 600 and
700 �C. Acetylene gas (C2H2) was introduced into the tube
reactor at a ow rate varied at 50, 75 and 100 mL min�1 with
hydrogen carrier gas set at the same ow rate being used as the
carbon source. For all the experiments, the pre-set furnace
temperature was obtained at a heating rate of 10 �C mL�1. The
reaction temperature was kept constant for the duration of the
experiment. The carrier gas (H2) was introduced into the
furnace at the beginning of the experiment (before the furnace
reached the reaction temperature) while the carbon source was
allowed to ow into the furnace once the reaction temperature
had been reached. At the end of the experiment duration, the
C2H4 ow was stopped and the furnace was allowed to cool to
room temperature in the presence of H2 gas.
Materials characterization

The supported Au–RANR catalysts and the carbon products
from CVD reactions were analysed using powder X-ray diffrac-
tion (PXRD). This was used to determine crystallographic pha-
ses of the catalyst particles on a Bruker D2 Phaser
diffractometer in a 2q range from 7� to 120 using Co Ka radia-
tion. The morphology and material dimensions such as particle
sizes of catalyst particles, diameters of the CNFs and the as-
synthesised CVD products were determined by transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM). For TEM analysis, the samples were prepared by
dispersing a small amount of the materials in methanol with
slight sonication. The drops of the dispersed material were
placed on a Cu micro-grid. An FEI Spirit operated at a voltage of
120 kV was employed. For SEM analysis, the samples were
directly mounted on a carbon tape on a sample holder stub. An
FEI SEISS FIB was used for SEM observation. The average
particle size was determined using ImageJ and statistical anal-
ysis on TEM and SEMmicrographs. A minimum of 200 particles
was measured on the TEM micrographs using ImageJ soware.

Energy-dispersive spectroscopy (EDS) analysis of the chem-
ical composition of the carbon nanomaterials and catalyst
surface areas was performed using the TEM FEI Spirit 120 kV.
Thermogravimetric analysis (TGA) of the supported catalysts
RSC Adv., 2020, 10, 28090–28099 | 28091
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and the carbon materials was performed to determine the
thermal stability of these materials. This was supplemented by
temperature-programmed reduction (TPR) analysis of the
precursor catalyst material and the as-synthesised CVD carbon
materials. Raman spectroscopy was used to characterise the sp2

carbons from 0 to 3D such as 3D graphite, 2D graphene, 1D
carbon nanotubes, and 0D fullerenes. The 1D and 2D Laser
Raman spectroscopy data were used to explain the crystallo-
graphic nature of the carbon nanomaterials synthesized in this
work. Furthermore, energy-probe microanalysis (EPMA) was
used to determine the chemical composition of the carbon
nanomaterials and catalyst surface areas and the spatial
distribution of materials in the catalyst composite by WDS
spectra and EPMA mapping and proling.
Results and discussion
PXRD and EPMA analyses of catalyst

To ascertain that indeed the gold nanoparticles were supported
TiO2-rutile, XRD and EPMA analyses were conducted. The PXRD
patterns of the support and 10 and 8% Au supported on RANR
are shown in Fig. 1.

The PXRD pattern of gold nanoparticles is characterized by 4
peaks as shown in Fig. 1. The 2q positions of these peaks are
consistent with the face-centred cubic structure of gold nano-
particles (JCPDS le no. 01-1174). This is consistent with
previous reports stating that unless gold nanoparticles are
smaller than 2 nm they assume the f.c.c. structure.32

On the other hand, the PXRD pattern of RANR is consistent
with that of nano-rutile with some of the major reections
indexed as (110), (101), (111), (211), (220), (002), (311), (301) and
(112) observed at respective 2q positions of 32, 43, 46, 49, 52, 64,
67, 75 and 77� (JC JCPDS, no. 21-1276). Furthermore, when
comparing the PXRD pattern of RANR, Au and those of Au–
RANR, it was found that only one peak (at 2q position of 45�)
attributable to Au nanoparticles was present in the PXRD
Fig. 1 The PXRD patterns of Au, RANR and Au–RANR.

28092 | RSC Adv., 2020, 10, 28090–28099
patterns of the supported catalysts. The absence of the other Au
peaks was attributed to the high crystallinity of RANR particles.

Detailed studies into the chemical composition of the RANR
were done using WDS. The WDS spectra of the 10 wt% Au–
RANR in Fig. 2 shows strong Ti and O peaks at lower signal
points (Sn) of 32 000 and 39 000 respectively. However, at
higher Sn-value, the Au peak became substantively signicant.
Notably, the cps of Au at this Sn is almost the same intensity as
that of O at its lower Sn-value. The inset in Fig. 2 is a plot of the
respective data points of the WD spectrum. It presents the two
major peaks of O-species at Sn-values 40 000 and 75 000. This
may be attributed to oxygen in both the rutile TiO2 support and
the residual oxygen in the Au catalyst nanoparticles (Au2O3)
respectively.

The Ti, O and Au in the Au–RANR were measured against the
LPET, PCO and LLIF crystal standards respectively. The peak
intensity variation is comparable to the trend presented in the
PXRD pattern in Fig. 1. The Au atoms have a peak intensity of
2500 cps and Ti has a high intensity of 28 800 cps while that of O
is about 5000 cps. This trend is also presented in the WDSmaps
of the Au–RANR catalyst nanoparticles as shown in Fig. 3. The
AuNPs are observable on the EPMA with a micro-scale because
the particles are supported on the RANR with a diameter range
of 50 nm to 3 mm as presented in Fig. 4(b). The EPMA maps are
showing the distribution of gold, titanium and oxygen in the
supported catalyst. The gold map shows that there is a homo-
geneous spatial distribution of the nanosized Au particles
across the whole wide support matrix. The density distribution
shows how the AuNPs are dispersed on the TiO2 nanorods of the
RANR support.

The morphological structure of the RANR was observed to take
a spherical structure assimilating to the dandelion-like shape as
shown in both the TEM and SEM images in Fig. 4(a) and (b)
respectively. Detailed analysis showed that the RANR support is
spherical in structure and consisted of nanorods which were
radially aligned (Fig. 4(a)). However, PXRD analyses of this RANR
support had shown that they are composed of titania in the rutile
phase (Fig. 1). Hence TEM (Fig. 4(a)) conrms the presence of
radially aligned rutile nanorods.

Previous studies on the mechanism of RANR formation was
depicted as a crystal growth process, leading to the formation of
Fig. 2 WDS spectrum profile of 10 wt% Au–RANR.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 EPMA maps of 10 wt% Au–RANR catalyst showing the
elemental quantitative compositional map of (a) Au, (b) O and (c) O.
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rutile nanorod-aggregated objects, driven by a low degree of
supersaturation.33 J. Zhou postulated that the required low
degree of supersaturation is achieved by the existence of the
acid medium HCl. The Ti(IV) oxo species are generally consid-
ered to be intermediates between TiO2+ and TiO2, consisting of
partly dehydrated polymeric Ti(IV) hydroxide.34 The highly acidic
condition and selectively adsorption of Cl� on rutile (110) plane
facilitate the anisotropic growth of rutile nanorods along [001]
orientation. The nanorods aggregate into RANR microspheres
to lower their total free energy. It may be concluded that the
growth mechanism of the 3D RANR nanostructures is such that
low concentration of TiCl4 gives rise to a small amount of
Ti(OH)n 4 � n, the hydrolysate of TiCl4.35 It enhances the
preferred growth of longer rodlike rutile TiO2 along the c-axis
and the formation of sector-like nanostructure.36

The surfaces of these rutile nanorods were observed upon
closer examination (see encircled region in the enlarged area in
Fig. 4(a)) to be covered with darker coloured nanoparticles.
Since PXRD, as well as WDS, had detected the presence of Au
(Fig. 1 and 2), and EPMA showed that Au is homogeneously
dispersed on the support (Fig. 4(a)), it was concluded that these
darker coloured nanoparticles are AuNPs that were deposited
around the tips of the rutile nanorods by DPU. This was
consistent with studies that have been conducted in our labo-
ratory before, where it was observed that narrow spaces between
these rutile nanorods assisted controlling the sizes of the AuNPs
that could be formed.32 Size distribution analyses of the rutile
nanorods and the AuNPs were then conducted. The results are
shown in Fig. 5(a) and (b).

The narrow porosity range of the RANR also controls the size
of AuNPs that can access the interstitial spaces between the
RANR nanorods. This implies that large-sized Au particles are
Fig. 4 (a) TEM micrograph of the AuNPs dispersed on RANR of the
5 wt% Au–RANR supported catalyst. (b) SEM image showing a 3D
structure of the RANR.

This journal is © The Royal Society of Chemistry 2020
preferentially excluded from being deposition-precipitated
rendering them more susceptible to further chemo-
pulverization by urea. Zanella R. et al. carried out a detailed
study of the mechanism of deposition–precipitation methods. A
comparison was made between the colloidal method, DP NaOH
and DP urea. It was determined that for the DP urea method,
the mechanism of gold deposition on titania is a mechanism of
typical deposition–precipitation. The pH increase was deter-
mined to trigger rapid precipitation of a gold compound, which
is Au(OH)3, onto the support.35 The fast formation of this gold
precipitate at pH close to 3 suggested the fact that gold is
deposited on the support within the rst hour of the
preparation.

The deposition–precipitation mechanism rst involved an
initial electrostatic interaction between anionic gold species
[AuCl4]

� or [AuCl3(OH)]� and the positively charged TiO2

surface at acidic pH.35 This is then followed by the growth of the
particles of gold precipitate on these sites, which act as
precipitation nuclei. When the pH increases during the DP
urea, the surface charge density of the gold precipitate particles
are modied, leading to fragmentation, and then to a decrease
in the gold particle size with increasing deposition time.35 The
inset in Fig. 4(a) shows how the nanosized particles access the
inner interstitial spaces of the RANR support material.

The combined effect of the support morphological structure
and the mechanism of the DPU method afforded the rutile
nanorods characterised by a thickness range of 4–12 nm to
support AuNPs of the particle size range of 1–6 nm as shown in
Fig. 5(a) and (b) respectively. The choice of using TiO2 rutile
nanorods as a support material for AuNPs in CVD reactions was
based on the known properties and characteristics of TiO2. The
CVD reactions are thermal processes ranging from 100–900 �C.
At this temperature range, rutile nanorods are thermally stable
structurally and chemically. The rutile does not undergo further
phase transitions or structural disintegration as a result of the
thermal processes. Therefore, the RANR structure provides
Fig. 5 Size distribution analysis of (a) RANR nanorods diameter (b) Au
catalyst nanoparticles supported on the RANRs.

RSC Adv., 2020, 10, 28090–28099 | 28093
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Fig. 6 TEM and SEM comparisons of carbon nanomaterials syn-
thesised at low compositions of 0.5, 1.0 and 2.0 wt% Au–RANR at
400 �C, 1 h, 75 mL min�1.

Fig. 7 TEMmicrographs of CNFs at (a) 5 wt% Au–RANR 400 �C, 1 h, 75
mLmin�1 (b) 8 wt% Au–RANR 700 �C, 2 h, 50mLmin�1 (c) 10 wt% Au–
RANR 300 �C, 2 h, 100mLmin�1 (d) 10 wt% Au–RANR 700 �C, 2 h, 100
mL min�1.
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a unique topology on which metal nanoparticles are supported
on the ordered RANR nanorods.

The properties and characteristics of the catalyst materials
including large surface area, small Au particle size and high
chemical stability at a wide temperature range, gives the catalysts
good qualities and high catalytic activity and performance. It was
observed that at short deposition time, the average metal particle
size of the deposited Au is large, but with an increase in DPU time,
the size decreases, coupled with a high metal loading.35 This
explains the observed small particle size distribution of the metal
catalyst withmean sizes ranging from Au: 1–6 nm across the whole
percentage composition range. The small size of the metal parti-
cles observed by TEM suggests that a strong interaction occurs
between RANR support and themetal catalysts precipitated during
deposition.37

The observed strong interaction at the catalyst–support inter-
face is postulated to propagate high metal catalyst dispersion
around the tips of the RANR. Deposition of 10 wt% composition
metal catalysts showed increased metal loadings on the RANR
support material. Here it was observed that the rutile nanorods
had widths that ranged between 4–12 nm and that the AuNPs
ranged in size from 1–6 nm, as shown in Fig. 5(a) and (b) respec-
tively. It was therefore concluded that the RANR structure provided
a unique topology on which the AuNPs were supported. It was
anticipated that increase in percentage metal loading will conse-
quentially increase in particle size. The only observed phenom-
enon is the increased density in terms of particle distribution on
the nanorods of the RANR.38 The lower compositions resulted in
a sparsely distributed particle density. It may be concluded that at
this percentage composition range, time plays a pivotal role in
determining the particle size distribution as observed by a narrow
particle size range.

The catalysts were used to synthesize shaped carbon nano-
materials (SCNMs) in a chemical vapour deposition (CVD)
process. The Au–RANR at different percentage weight loadings
catalysed the synthesis of a variety of carbon materials at
different reaction conditions of temperature, time and ow
rates. The catalysts at 0.5, 1, 2, 5, 8 and 10 wt% of metal
compositions were compared in their catalytic performance.
Fig. 6 presents CVD products formed over the 0.5–2.0 wt% Au–
RANR catalysts.

The Au/RANR catalysts were then tested for their ability to
synthesize SCNMs in the CVD process that was previously
described. Here it was found that the Au/RANR catalysts, at
different wt% loadings (i.e. 0.5, 1, 2, 5, 8 and 10 wt%), catalysed
the synthesis of a variety of SCNMs under different reaction
conditions (e.g. temperature, time and ow rate). For example,
the CVD products which formed over Au/RANR catalysts (0.5–
2.0 wt%) in 1 h, when the ow rate (75 mL min�1) and
temperature (i.e. 400 �C) were kept constant, were observed to
vary as can be seen in the TEM and SEM micrographs in Fig. 6.
This is due to low Au particles distribution that the catalysts
performed more like plain RANR which does not support the
synthesis of SCNMs.

TEM and SEM images in Fig. 6 show that the low wt%
loading catalysts catalysed the synthesis of amorphous carbon
material. The Au catalyst particles do not have crystal planes on
28094 | RSC Adv., 2020, 10, 28090–28099
which the carbon material is sufficiently shaped into structures
such as SCNMs such as the observed CNFs. However,
higher wt% metal loading synthesised CNFs at a wide range of
parametric conditions. Fig. 7 shows that at higher wt% Au
loading, the catalysts catalyse the synthesis of CNFs under
different sets of synthesis parametric conditions.

Au/RANR at higher wt% loading was observed to catalyse the
synthesis of both straight and coiled or twisted CNFs (Fig. 7, 9
and 10). In our previous detailed account of the growth mech-
anism of CNFs synthesised over La, a similar phenomenon was
observed for Au/RANR catalysts. This also implies that tip-
growth occurred on RANR supported catalysts as the Au parti-
cles were dislodged from the RANR support. The CNFs were
found to be characterised by different thickness and lengths
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Fibre diameter distribution analysis of CNFs synthesised over
Au–RANR catalysts.
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attributable to the Au particle size on being dislodged from the
support during CNFs growth. This phenomenon preceded
temperature enhanced sintering and particles grew to larger
sizes. The variations were brought about by variations in reac-
tion parameters. wt% loading determined particle size of the Au
catalyst to a large extent as it affected catalyst particles disper-
sion density. Increase in wt% loading from 0.5–10 wt% gave rise
to increased dispersion density such that during sintering,
more particles were available to form large-sized particles. It is
these sintered particles that determined the internal diameters
of the CNFs synthesized. The gas ow rate and period of
catalyst-carbon source exposure had a direct effect on the CNFs'
Fig. 9 TEM and SEM comparisons of carbon nanomaterials syn-
thesised at different temperatures over 5 wt% Au–RANR, 1 h, 100
mL min�1.

This journal is © The Royal Society of Chemistry 2020
length and thickness (Fig. 8). However, the supported Au cata-
lysts favoured a tip-growth mechanism of synthesis as opposed
to the base-growth model. This phenomenon is exhibited by the
bres in Fig. 7 micrographs which are characterized by Au
catalyst particle at the tip of each bre.

The bres synthesized under different parametric conditions
ranged from 10–100 nm in thickness with an average diameter
of 50 nm (Fig. 8). The wide range of thickness distribution was
due to the polydispersion of the Au nanoparticle distribution
and wt% composition variation. It was determined that the tip-
growth mechanism set the Au catalyst particle to serve as a seed
around which the CNFs grew via a bottom-up mechanism.

Under effective reaction parametric conditions, higher
percentage loading lead to higher CNFs deposition. It is
apparent that at high temperatures (500–700 �C) and interme-
diate to high ow rates (75–100 mL min�1), long stretching,
thick and more crystalline CNFs were synthesised. Percentage
catalyst weight loading is comparable to the effect of concen-
tration in the reaction system. It was observed that at low
percentage loading (<5), none to very few CNFs formed for the
whole range of parametric conditions. Detailed studies showed
that both the diameter and the thickness distribution range
increase drastically with increase in temperature.30

This is because metal catalyst particles tend to sinter or
agglomerate such that they catalyse the synthesis of thicker
CNFs. This is coupled by temperature enhanced decomposition
of C2H2 and thus more carbon available for knitting the carbon
Fig. 10 TEM and SEM comparisons of carbon nanomaterials syn-
thesised at different temperatures over 10 wt% Au–RANR 2 h, 100
mL min�1.
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Table 2 Trends in characteristics of CNFs synthesized over 8 wt%, 100
mL min�1, and 2 h

T �C 300 400 500 600 700
CNFs mean dia. (nm) 50 52 52 55 58
ID/IG 0.84 0.61 0.51 0.49 0.34
TGA T �C 380 350 420 580 580
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matrix of the CNFs. Fig. 9 shows the effect of temperature
variation with percentage weight composition.

At 5 wt% Au composition, it was observed that yield, crys-
tallinity and graphicity increased with temperature. The bres
synthesised over the 5 wt% catalyst is simple straight-chain
bres also having a 10–100 nm diameter range.

Raman spectra showed how the G-peak was becoming more
intense than the D-peak with an increase in temperature. Fig. 9
showed ID/IG ratios decreasing with an increase in temperature
from 0.84 at 300 �C to 0.34 at 700 �C. It may be concluded that at
5 wt%, the Au/RANR catalyst supported the growth of graphitic
CNFs at high temperatures with an average diameter that also
increased with temperature. This phenomenon was also
observed on CNFs synthesized over 5 wt% Au/RANR at 30 min
and 1 h time intervals. This implies that both wt% and
temperature inuenced the degree of graphicity of the CNFs
synthesised in the CVD reactions. Table 1 summarises the
trends of the characteristics of the CNFs synthesised over 5 wt%
Au/RANR at 100 mL min�1 over a 2 h period. Increased CNFs
density was observed at 8 wt% Au catalysts loading. However, at
600 �C, the CNFs produced had a perfect coiled morphology as
shown in TEM and SEM images in Fig. 10. A mixture of coiled
and straight CNFs was produced at 700 �C. This implies that at
high temperature, there is rapid C2H2 decomposition and
nucleation of carbon such that shaping of the bres into perfect
coils was interrupted. Raman analysis showed an increase in
graphicity with temperature.

In Table 1, also presented, is the thermal decomposition
temperatures of the CNFs synthesised under these parametric
conditions. It was observed that the decomposition temperature
shied towards higher values with increase in temperature. This is
attributable to increased graphicity and crystallinity of the CNFs as
shown by the increase in ID/IG ratios with temperature.

Increased CNFs density was observed at 8 wt% Au/RANR.
However, at 600 �C, the CNFs produced had a perfect coiled
morphology as shown in TEM and SEM micrographs in Fig. 10.
Detailed analyses revealed that at 8 wt%, the mean diameter
(insets on TEM micrographs in Fig. 10) of CNFs synthesised
across the 300 to 700 �C temperature range was higher as
compared to those of CNFs synthesised over 5 wt% Au/RANR.
The CNFs mean diameter increased from 76 nm at 300 �C to
85 nm at 700 �C. Similarly, LRS analysis showed an increase in
graphicity with temperature.

The ID/IG ratios of CNFs synthesised over 8 wt% Au/RANR
presented in Fig. 10 decreased with increase in temperature.
It was also observed that these ratios are lower than those of
CNFs synthesised over 5 wt% Au/RANR. ID/IG ratios of CNFs on
8 wt% Au/RANR decreased from 0.74 at 300 �C to 0.32 at 700 �C.
Table 1 Trends in characteristics of CNFs synthesized over 5 wt%, 100
mL min�1, 2 h

T �C 300 400 500 600 700
CNFs mean dia. (nm) 76 78 80 83 85
ID/IG 0.74 0.51 0.50 0.45 0.32
TGA T �C 380 350 420 580 580

28096 | RSC Adv., 2020, 10, 28090–28099
This implied that the 8 wt% Au/RANR synthesised more crys-
talline and graphitic CNFs than those over 5 wt% Au/RANR.
However, TGA analysis showed similar decomposition temper-
atures of CNFs over both 5 and 8 wt%. This may be explained in
terms of the same respective temperatures over which they were
synthesized. Table 2 compares trends in the characteristics of
the CNFs synthesised over 8 wt% Au/RANR.

The data presented in Table 2 showed that at 8 wt%, both CNFs
mean diameter and decomposition temperature increased with an
increase in temperature. This corresponded to the observed decrease
in ID/IG ratios. It can be concluded that at 8 wt%, the catalyst sup-
ported the synthesis ofmore graphitic CNFs. The observed improved
characteristics are attributable to coiling that suggests increased
crystallinity in the carbon framework of the bres.

Similar trends were observed with 10 wt% Au catalysts
loading. However, at low temperatures (300–400 �C) the cata-
lysts agglomerated and lost their catalytic properties. This may
be attributed to consequential increased metal loading of
10 wt% as shown in TEM and SEM images in Fig. 10.

Low-temperature agglomeration took place as a result of
high particle density distribution. Thus high-temperature
syntheses of carbon materials were untenable. At 500–700 �C,
CNFs of predominantly coiled or twisted morphology were
synthesized and a few straight-chain CNFs were produced as
shown in the TEM and TEM micrographs in Fig. 10.

Detailed analysis showed that the CNFs increased in diam-
eter ranges with an increase in temperature. The ID/IG ratios
sharply decreased at this temperature range from 0.68 to 0.30,
showing that the mostly coiled CNFs were of high graphicity
and crystallinity. Table 3 compares the trends in the charac-
teristics of CNFs produced during CVD using 10 wt% Au/RANR.

Compared to trends presented in Tables 1 and 2 for CNFs
synthesises at 5 and 8 wt% respectively, Table 3 presented
trends that are at higher ranges. The CNFs mean diameter at 0–
108 nm, ID/IG ratio at 0.89–0.30, and a decomposition temper-
ature range of 320–600 �C. This implied that the high wt% gave
rise to Au particles of the highest particle sizes that catalysed the
synthesis of CNFs with the highest diameters, with the highest
degree of crystallinity and graphicity. However, CNFs density
around was lower mainly because sintering could have taken
place to a large extent that most Au particles lost their catalytic
activity. The effect of ow rate and time variation was studied in
details in the following section.
Gas ow rates and time variation

In this work, the gas ow rate was varied from 50–100mLmin�1

while all other parameters were held constant. The ow rate of
This journal is © The Royal Society of Chemistry 2020
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Table 3 Trends in characteristics of CNFs synthesised on 10 wt%, 100
mL min�1, and 2 h

T �C 300 400 500 600 700
CNFs mean dia. (nm) 104 106 108
ID/IG 0.89 0.87 0.68 0.45 0.30
TGA T �C 320 340 420 580 600
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the gas mixture determines the overall vapour pressure in the
reaction region of the CVD setup. The inux of C2H2/H2 to the
catalysts bed in the quartz boat and its catalytic decomposition
is a function of the ow rate and time of exposure of the catalyst
to the carbon source. Detailed analysis shows that low ow rates
at short periods yield none to very little CNFs (Fig. 10). Whereas
intermediate ow rates favour more crystalline, more graphi-
tized and densely covering CNFs (Fig. 11). High ow rates are at
times characterised by highly disordered CNFs and amorphous
carbon materials. This is because, at low ow rates (<50
mL min�1), and short time (30 min), the catalysts receive too
little carbon that could be fabricated into CNFs (Fig. 11(c)).
Fig. 11 TEMmicrographs of CNFs synthesized at different flow rates at
(a) 50 mL min�1, (b) 75 mL min�1 and (c) 100 mL min�1 over 8 wt% Au/
RANR 2 h, at 500 �C.

This journal is © The Royal Society of Chemistry 2020
At longer periods (1–2 h), the little carbon received is used to
make short but highly graphitized CNFs. The intermediate ow
rate (75 mL min�1), allows sufficient interaction of the carbon
and the catalyst such that proper knitting of the CNFs matrix
takes place consistently (Fig. 11). However, a combination of
high ow rate and high temperature only supports the synthesis
of pyrolysis products with a few CNFs. The lack of more ordered
well-knit carbon materials is because of the high ow rates that
result in rapid accumulation of carbon and clogging the cata-
lysts such that less crystallisation takes place as shown in Fig. 8–
10. At high temperatures, the rapidly accumulating carbon is
converted to pyrolytic products such as glassy carbon and
carbon nanospheres.
Laser Raman spectroscopy

Laser Raman spectroscopic measurements performed on the
CNFs synthesised over the supported Au–RANR catalysts shows
D and G-band peaks of selected CVD products. In Fig. 12(a), the
G-band is shiing more towards 1600 cm�1 with an increase in
temperature. This is due to tangential modes corresponding to
vibrations of the C–C bonds in the plane of graphene matrix of
the CNFs which are becoming stronger with an increase in
temperature.31 This implies that high temperatures (500–700
�C) propagate temperature-enhanced decomposition of the
C2H2 making carbon sufficiently available for the knitting of the
more ordered form of the CNFs (Fig. 9 and 10). It was observed
that the higher the reaction temperature, the more intense the
G–band peak. This is because crystallinity of the CNFs increases
with an increase in temperature as the orderliness result in
more sp3 hybrid bonding in the carbon and hence more
graphitisation. The Raman spectra in Fig. 12(a) show that the
G–band occurring around 1590 cm�1 is more intense than the
Fig. 12 Laser Raman spectra of CNFs (a) synthesis over 5 wt% Au/RANR
catalysts at different temperatures, (b) CNFs synthesized on catalysts at
differentwt% loading under uniformconditions (1 h, 100mLmin�1, 500 �C).
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D-band occurring around 1350 cm�1. Their intensities generally
increased with temperature.32

It was expected that graphitization will increase with the
percentage of weight loading. Fig. 12(b) shows that the trend is
not as expected. This is because at lower percentage weight
loading, the density of catalyst coverage is very low and thus
there is the little or less catalytic conversion of carbon to the
brous carbon material. However, there is signicant graphiti-
sation from a combination of other reaction parameters such as
time and temperature as shown by the Raman spectrum for
CNFs@5 wt% Au–RANR in Fig. 12(b). 8 wt% loading, there is
sufficient catalyst on the reaction interface such that efficient
conversion takes place and CNFs that are more graphitic are
produced. At 10 wt% loading the G-band peak seems to be
lower. This coupled with other reaction parameters suggest that
a lot of carbon is dissolved into the catalyst and atomised
(Fig. 11). However, the high inux of carbon favours the accu-
mulation of amorphous carbon while little carbon is sufficiently
crystallised into a more graphitised form in the CNFs formed. It
can be inferred that percentage weight catalyst loading cannot
be distinctively used to account for the Raman performance of
the carbon nanomaterials synthesised over catalysts of different
loadings.
Thermogravimetric analysis (TGA)

The temperature has exhibited great inuence on the nature of
the CNFs synthesised under different conditions. Thermogra-
vimetric analysis of CNFs synthesised over 5 wt% Au–RANR
conrmed a trend presented in Raman analysis.

Fig. 13(a) is a TGA prole of CNFs synthesised over a period of
2 h and gas ow rate of 100 mL min�1. The temperature variation
presented in Fig. 13 suggests that the CNFs became more
Fig. 13 TGA profiles of CNFs (a) synthesis over 5 wt% Au/RANR
catalysts at different temperatures, (b) the derivative plot of the wt%
against temperature of the CNFs in this TGA analysis (uniform condi-
tions: 2 h, 100 mL min�1).

28098 | RSC Adv., 2020, 10, 28090–28099
thermally stable with an increase in temperature. At low temper-
atures very little CNFs formed and were mostly amorphous and
where graphitisation occurred, the yield was very little. Hence less
than 10% of material decomposed at a temperature range 300–
500 �C and the 90% residual weight comprises mainly the catalyst
material which is thermally stable.

Fig. 13(b) shows that for CNFs synthesised at 600 �C there are
two thermal peaks such that a decomposition temperature of
500 �C may be attributed to amorphous and the less crystalline
carbon in the CNFs while that at 600 �C is due to the more
crystalline graphitized carbon form of the CNFs. The more
ordered the carbon network in the CNF matrix, the more ther-
mally stable the carbonmaterial as a result of strong bonding in
the sp3 hybrid bonding in the carbon framework of the CNFs.
Fig. 13(a) and (b) shows that the crystallinity of the as-
synthesised CNFs produced at 700 �C is high. The weight loss
at this temperature is also increased (60%) indicating high
purity and more graphitised CNFs. This indicates that high
temperatures result in the Au–RANR possessing the highest
selectivity towards the growth of more crystalline and highly
graphitised CNFs.

Conclusions

The RANR morphology provided a unique topology on which
AuNPs were deposited with homogeneous dispersion. The
ability of DPU method to afford mono dispersion of the AuNPs
along the radial length of the nanorods of the RANR enabled Au
to be deposited in very small particle size range with average
diameters of around 4 nm. EPMA elemental analysis conrmed
the spatial distribution of the AuNPs in the Au–RANR catalysts
matrix. Depositions ranging from 0.5–10 wt% were achieved. It
can be concluded that the percentage weight composition can
be used to control the particle size distribution of the AuNPs,
while the particle size determines the thickness of the CNFs
synthesised. It was also observed that the mechanism of CNFs
growth may be described as the tip-growth method as the CNFs
are characterised by an Au – seed at the tips of the bres. The
RANR morphology as presented on TEM micrographs held the
AuNPs in xed positions preventing sintering and agglomera-
tion of AuNPs. This provides further control of the CNFs
thickness. The parametric reaction conditions have a synergic
effect on the overall characteristics of the CNFs synthesised.
Thus temperatures signicantly contribute towards the forma-
tion of ordered forms of CNFs hence their degree of graphicity.
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