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ABSTRACT

Herein we report on the direct synthesis of solid hydrophobic carbon dots (CDs) and simultaneously carbon spheres (CSs), using a vertical
chemical vapour deposition (CVD) reactor. The HRTEM data indicated that the CDs and CSs originated from different carbon building
blocks indicated that the CDs and CSs originated from different carbon building blocks. The CDs were obtained by reacting acetylene
(C,H,) and Ar mixtures at high flow rates (=500 sccm) and high temperatures (800-1000 °C). TEM studies indicated that the CDs produced
were graphene-like quantum dots that increased in size from c¢. 3 nm to 8 nm as the Ar flow rate (constant C,H, flow rate) was decreased,
while small solid CSs (c. 100 nm) were also synthesised in the process. The CSs had a typical spherical layered structure with no graphitic
core. A mechanism to rationalise the observation that the CDs and CSs grew simultaneously by different pathways with no formation of

intermediate-sized particles is given.
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INTRODUCTION

Carbon dots (CDs) are described as carbonaceous nanoparticles
composed of discrete, quasi-spherical structures with particle sizes
below 10 nm. They have been a subject of interest, particularly due
to their extraordinary fluorescence properties - a characteristic that
is not very common for carbon-based nanomaterials'->. In addition,
their size- and luminescence-dependent behaviour is similar to
the properties known for conventional metal-based quantum dots.
However, unlike the metal-based quantum dots, CDs have high
stability, low production cost, low toxicity, good biocompatibility
and can also be produced in high abundance.® It is because of these
properties that CDs have been used for application in bioimaging, *°
biosensing,>® water purification,” photocatalysis,*® solar cells,'® and
various other systems.

Many synthesis methods have been developed and optimised to
produce CDs with hydrophilic surface functionalities,!! but only a few
methods have been developed for the synthesis of hydrophobic CDs.
The two most commonly used routes to synthesise CDs that contain
hydrophobic groups usually involve reacting a carbon source with a
hydrophobic capping agent'>"'* or post modification of functionalised
CDs with an amino dopant.'® Another method to produce hydrophobic
CDs is by carbonising a non-functionalised carbon source that
contains only C and H atoms such as C,H,,'”!8 toluene,'** or natural
gas.2! The hydrophobic properties can also be conferred by the post-
reaction removal of all functional groups from the CD surface.

The carbonisation of C,H, in a CVD reactor has been extensively
studied for the synthesis of carbon nanomaterials such as graphite,
graphene, fullerene, carbon nanotubes (CNTs) and carbon spheres
(CSs).222 These carbon materials show interesting surface chemistry,
electronic properties, degree of graphitisation and thermal stabilities
that can be varied and made suitable for tailored applications.??-2
Surprisingly, to date only a few reports have highlighted the synthesis
of CDs using the CVD reaction. Yan et al.” reported the synthesis of
CDs using a horizontal CVD method for the first time. CDs with an
average particle size of ¢ 3.5 nm were produced using C,H, as a carbon
source and argon (Ar) as a carrier gas.!”!8
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To expand on the CVD approach, we have investigated the use of a
vertical CVD method, using C,H, as the carbon source and different
Ar flow rates, to synthesise CDs with controlled particle sizes. Reports
have shown that carbon spheres (CSs) with tuneable sizes can be
synthesised using this vertical CVD method.** This method limits
the growth of the carbon and consequently should make it possible
to obtain CDs with controlled sizes. To the best of our knowledge,
the synthesis of CDs with particle size control using the vertical CVD
method is a novel approach to making CDs. To gain more insight into
the properties of these new CDs, they were characterised using electron
microscopy, spectroscopy and thermal analysis was undertaken. The
properties of these CDs were compared with those obtained using the
horizontal CVD method. CSs with a narrow size was also produced
and analysed using this methodology.

METHODS
Materials

Acetylene gas (C,H,, 99.99%) and argon gas (Ar, 99.9%) were supplied
by Afrox, South Africa. Reagent grade toluene (CsH;CHj, 99.5%) was
purchased from Sigma-Aldrich, South Africa.

Synthesis procedure

The synthesis procedure followed here is a modification of a procedure
reported by Mutuma et al.** for the synthesis of solid CSs using a
vertical CVD reactor under atmospheric pressure. In a typical reaction
set-up, a vertical CVD reactor fitted with a quartz tube (2.4 cm id.
x 1.15 m length) and a 3-L round-bottom flask (RBF) was used as
a sample collection chamber (SCC#1), as shown in Figure 1. For the
collection of CDs, a bubbler containing toluene was used as a second
sample collection chamber (SCC#2). Ar gas was passed through
the quartz tube as the reactor was heated at 10 °C min-'. When the
desired temperature of the reaction was reached, C,H, gas from a
second delivery line (see Figure 1) was introduced to the reactor, and
the reaction was allowed to proceed for 2 h. The C,H, gas flow was
kept constant at 25 sccm in all experiments. The temperature was held
at 1000 °C in the initial experiments. After 2 h, SCC#2 contained a
mixture of carbon products, including CDs, while SCC#1 contained
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mostly CSs. The mixture from SCC#2 (see Figure S1 for the product
before any purification) was sonicated for 1 h. After that, it was
centrifuged at 15 000 rpm and subsequently syringe filtered through
a 0.45 pm polytetrafluoroethylene (PTFE) filter to further remove
larger agglomerates. A rotary evaporator was then used to remove
the toluene at 80 °C. The product from SCC#1 was collected and
then purified using Soxhlet extraction in 200 mL toluene at 120 °C
for 24 h. The products were then dried in an oven at 80 °C. Other
syntheses were also conducted at different temperatures and flow
rates. Table 1 details the temperature, Ar flow rate used and synthesis
percent yield obtained for each synthesis of the CDs and CSs. The
samples obtained were denoted according to their type (CDs or CSs),
and with subscripts that represent the Ar flow rate (in sccm), the
temperature (x100, in °C) and the collector (SCC#), respectively. For
example, the CDs were named CDss,10/,, when an Ar flow rate of 520
sccm, T = 1000 °C, and collector #2 were used.

Characterisation

The particle size distribution and morphology of the as-prepared CDs
and CSs were determined by transmission electron microscopy (TEM)
using an FEI G2 TECNAI Spirit T12 instrument operated at 120 kV.
A JEOL JEM 2100 high-resolution transmission electron microscopy
(HRTEM) fitted with a LaB6 gun was used for high-resolution imaging.
Powder X-ray diffraction (PXRD) patterns were determined using a
Bruker D2 phaser X-ray diffractometer equipped with a Cuy,,,, X-ray
radiation source (\ = 1.54060 A). Raman and photoluminescence (PL)
spectroscopy measurements were conducted using a Horiba LabRAM
HR micro-Raman spectrometer coupled with a PL excitation laser of
245 nm (Lexel Model 95 SHG argon ion laser). Ultraviolet-visible (UV-
vis) spectroscopy analyses were carried out on an Agilent Technologies
Cary (100) Series UV-vis spectrophotometer, using a tungsten halogen
light source. The samples were excited at 365 nm. Infrared (IR)
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Figure 1: Illustration of the reactor used to make and collect the CDs (and CSs)
from C,H, using the vertical CVD method

spectra were collected using a Brucker TENSOR 27 Fourier transform
infrared (FTIR) spectrometer. The CDs  and CSs’ thermal stability were
determined using a Perkin Elmer Pyris STA6000 thermal gravimetric
analyser (TGA). The samples were subjected to temperatures ranging
from 35 to 900 °C, at a ramp rate of 10 °C min~'. N, gas (20 sccm flow
rate) was used as a purge gas, and air (10 sccm) as an analysis gas.

RESULTS AND DISCUSSION

CDs with different particle sizes were synthesised using a simple
“bottom-up” approach using a vertical CVD reactor under
atmospheric pressure. The reaction involved the carbonisation of
C,H,, a non-functionalised carbon precursor, at a high temperature
that directly produced hydrophobic CDs. In preliminary studies,
many experiments were performed to evaluate the collection of the
CDs. Eventually, through trial and error, a high Ar flow rate (500-600
sccm), alow C,H, flow rate (25 sccm) and high temperatures (=800 °C)
were chosen for the study. However, even using these conditions,
CSs were still produced with the CDs. For the syntheses conducted
>800 °C (>500 sccm Ar), the CSs products were mainly collected
in the first collector (SCC#1) at the bottom of the CVD reactor. In
contrast, the less dense (fluffy) and smaller products such as CDs and
other carbon agglomerates were collected in SCC#2 in Figure 1. Other
conditions produced only CSs in SCC#1 and SCC#2 and no CDs in
SCC#2 (Table 1). Similar reactions performed at 700 °C yielded no
CDs or CSs products.

Table 1: Parameters used for the syntheses of CDs and CSs and the resulting
product yields and particle sizes

Sample Temperature  Ar flow rate  Particle sizes Yield

notation® (°C) (sccm) (nm) (%)
CSseo0/10n 10517 42.1
CSs600/10/2 1000 600 110+£15 6.0
CDsgo011012 3+1 24
CSss501101 105+17 42.4
CS8550/10/2 1000 550 109+19 9.7
CSsss01102 6£2 4.3
CSss20110n 10718 43.5
CSs550/10/2 1000 520 109+ 14 9.2
CSss301102 8+2 5.1
CSs001101 108 +17 44.0
CS8400/10/2 1000 400 95+14 14.0
CDs 4011012 - -
CSs3501101 109+16 44.7
CSsss0012 1000 350 109+17 17.7
CDs3501012 - -
CSsgo01911 110+15 41.0
CSsg00/9/2 900 600 111+27 8.0
CDsgg0/9, 3+2 2.0
CSseo0i811 109+18 345
CSs00/8/2 800 600 110+34 3.2
CDsgo01812 3+2 0.9
CSs008/1 322460 31.7
CSs400/8/2 800 400 220+23 15.2
CDs 40182 - -
No CSs - -
No CDs 700 600 B B
No CSs - _
No CDs 700 400 ~ B

*The notation used in the table describes the types of products obtained. The
subscripts represent the Ar flow rate (in sccm), the temperature (x100, in °C)
and the sample collection chamber (SCC# in Figure 1), respectively
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The TEM images of the CDs products obtained in SCC#2 at
different flow rates (together with their corresponding particle size
distributions) are shown in Figure 2. The results show that the CDs
are quasi-spherical in shape, well dispersed and have a narrow particle
size distribution. The average particle sizes recorded for CDsg/10/2>
CDss50/102 and CDssyq10, Were 3+ 1 nm, 6+2 nm and 8+2 nm,
respectively. This dispersion shows that as the flow rate of Ar gas
was decreased, the resulting particle size increased. As more C,H, is
introduced into the reactor, the C species produced increased (as C,H,
decomposed) to form aggregates that grew, nucleated and crystallised
into larger C nanoparticles.!” Therefore, the increased carrier gas flow
rate reduced the growth stage of the C aggregates and the formed
particles were quickly transported into the collection chambers,
resulting in the collection of smaller particles.

Only CSs were collected in SCC#1 at an Ar flow rate of 600, 550,
520, 400 and 350 sccm, and all the CSs were similar in particle size,
as shown in Table 1. Thus, at 1000 °C (C,H, = 25 sccm; Ar = 350-600
sccm), the CSs collected in SCC#1 show that the CS growth is little
affected by the varying flow rates, and their average particle sizes are
~100-110 nm. At higher C,H, flow rates, much larger CSs are formed.?*
The TEM image of the CSs product (named CSss,,10/1, CSS550/10/1 and
CSsgoo/101) Obtained at Ar = 600 sccm are shown in Figure S2-4).

The HRTEM images of CDsgq/10/, (Figure S5a)) show well-resolved
lattice fringes with a lattice d-spacing of c. 0.21 nm, which is associated
with the (100) facets of graphitic carbon?”. The HRTEM images of the
CSseoo/10/1 (Figure S5b) showed a highly amorphous material, with no
lattice fringes observed. This observation indicates that these CSs are
different from those found for the CDs. Particle growth of carbon black
(CB) is similar to that for CSs growth and yields an amorphous core
surrounded by concentric layers of short-length graphene-like sheets.

The effect of temperature on the particle sizes was also investigated.
When the temperature was reduced from 1000 to 900 °C and 800 °C
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Figure 2: TEM images and particle size distribution histograms of CDs
produced at 1000 °C and different argon flow rates a-b) CDsggg/100, €-d)
CDsss011072» €-f) CDss011012

(C,H, = 25 sccm; Ar = 600 sccm) the CDs formed had d = 3+2 nm
(Figure S6). The CSs size was also unaffected by the temperatures used.
The effect of temperature was only detected at a low Ar flow rate (400
sccm) and a lower temperature (800 °C), where only CSs were collected
with particle sizes of 322+ 60 nm (SCC#1) and 220+ 23 nm (SCC#2)
(Figure S7 and S8). When the temperature was further decreased to
<700 °C, no CDs or CSs were formed.

The percentage yields of the products are recorded in Table 1. The
CDs were produced in low amounts (<5%) with the highest yields
observed at 1000 °C. In contrast, good yields of CSs were formed (ca.
40%). The CDs formed are lightweight. To enhance the CD yield, a
second bubbler was placed next to SCC #2 to collect any product that
may have been lost by the rapid gas flow rates. However, for Ar flow
rates between 520-600 sccm, the CDs yield only increased by ~0.5%.

The PXRD patterns of the CD and CS products (Figure 3a)) show
broad peaks at ¢. 25° and c. 44° 20, which are attributed to the (002) and
(101) planes of graphitic carbon, respectively?. The Raman spectra of the
CDs (Figure S9a) show the Raman D-band (~1330 cm™) indicating the
presence of sp* amorphous type carbon, and the G-band (~1595 cm™)
arises due to the presence of sp? graphitic type carbon®. The resulting
Ip/1g ratios of the material were ~0.5, confirming the presence of
substantial amounts of graphitic components®. The PL spectra (Figure
3b) showed that the CDs and not the CSs have optical properties. The
CDSg0/10/20 CD8350/1012 a1d CDSs59/10/2 Show a broad peak with blue to
green emission in the visible light region,***! with the peak maximum at
¢. 450 nm and a shoulder at ¢. 500 nm. Previous reports have indicated
that the PL peak shifts to higher wavelengths when the particle sizes of
functionalised CDs increase®2. However, this was not the case with the
CDs studied here. The TEM particle size distribution histograms of the
CDs also showed that the nanoparticle ranges overlapped, suggesting
an inhomogeneous composition of nanoparticles, leading to the broad
peaks observed in the PL spectra. The CSs did not show any excitation
activity at this excitation wavelength. The UV-vis spectra for CDsgg/10/2»
CDss50/1/2 and CDss,,1/, (Figure 3¢) show strong absorptions in the UV
region, similar to that observed for CDs synthesised using a horizontal
CVD."” As with the PL spectroscopy analysis, the CSs did not show UV
optical activity.

FTIR spectra (Figure S9b) of the CDsgyg/10/20 CDS550/10/2 CDS500/10120
CSs4001102 and CSs35/10/, all had a similar pattern which showed the
presence of weak C-H bonds (3000-2850 cm™!, 1456-1377 cm™),
C=C bonds (1668-1271 cm™), and C=0 bonds (~1724 cm™). The
C=0 absorption peak indicates some functional groups present on
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Figure 3: a) PXRD, b) PL, ¢) UV-Vis spectra, and d) TGA, data for CDsgy10/2
CDss50/1012 and CDSs0110/2> CS8400110/2 a0d CSS350/10/2
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the surface. When compared to the FTIR spectra of CDs produced
by other routes, it is clear that the CDs prepared here have fewer
functional groups. To further confirm this, the dispersibility of
CDsggo/1072 in distilled water was investigated and compared with the
CDs obtained from carbonising vitamin C in a microwave-assisted
hydrothermal reaction following the reaction procedure reported by
Mokoloko*. It was found that the CDsgy/10/, Were not dispersible in
distilled water even after sonicating for 1 h, while the functionalised
CDs (from vitamin C) dispersed readily in water even without
sonication (Figure S10). The CDs are known to inherit some of the
chemical makeup of their precursors. It is also the case with the CDs
obtained from vitamin C. Vitamin C contains a significant number of
O-functional groups, which makes it water dispersible. Likewise, the
CDs were found to contain O-functional groups on their surface, and
these were responsible for their water dispersibility.*®

The thermograms in Figure 3d show that the materials decompose
completely in air. The derivative weight loss of these thermographs is
shown in Figure S11 and indicates the insignificant amount of surface
functional groups on these CDs. CDs containing large amounts of
functional groups show major thermal decomposition peaks between
¢. 200-500 °C.333+37 The graphs show a small weight loss peak at
c. 100 °C, which can be attributed to the loss of absorbed moisture.
The decomposition of the CDs occurred between 701 °C and 711 °C.
The decomposition temperatures of the CDs reported here are
comparable to those reported for amorphous and graphitised carbon
nanomaterials, such as CSs,? CNTs,* and CNOs.*

Although the synthesised CDs have different particle size
distributions, there was no significant difference in their thermal,
spectral and structural (PXRD) properties. Compared to CDs made
by alternative procedures where large shifts in spectral properties
were observed as a function of CD size and surface coverage.® It
could be concluded that the key factor in the spectral variability of
functionalised CDs must reside more with the surface functional
groups rather than with their size.

The CDs produced in this study were compared to those produced
utilising the horizontal CVD method.'”!® It appears that the CDs all
produce similar TEM, UV-vis and FT-IR data. The PXRD patterns,
together with the HRTEM lattice fringes and the Raman spectra,
suggested that our CVD method produced graphitic-like quantum
dots, similar to those reported from the horizontal CVD method."” The
advantage of using a vertical reactor relates to controlling the time that
the CDs remain in the reactor. Thus, the method appears to be effective
for the synthesis of (i) small and narrow sized CSs (<100-320 nm), (ii)
producing a good percentage yield of the CSs and (iii) providing a
method to produce CDs with controlled size. This vertical reactor use
makes it possible to produce CDs <5 nm using controlled temperature
and flow rate conditions (from 70/700 sccm C,H,/Ar at 1000 °C'7'#to
25/600 C,H,/Ar at 800-1000 °C).

CDs and CSs growth mechanism

One would expect that the CDs and CSs originate from common
building blocks generated from the C,H,. Indeed, the Raman spectra,
TGA data and PXRD patterns of both CDs and CSs appear to be
identical. However, TEM data suggest otherwise.

1. The HRTEM images indicate graphite-like CDs,* while the CSs
show no core made of graphene layers in a graphite arrangement
(Figure S5).

2. 'The CDs made in a horizontal reactor also generate a graphene-
like structure.!”!® Thus, the important issue in making the CDs
relates to the rapid removal of the CDs from the reactor. The use
of a vertical CVD reactor allows this to be done in a controlled
manner.

3. The general outline of the mechanism to grow CDs from
fragments generated from C,H, !” would apply to the CDs made
in the vertical reactor.

4. The sizes of the CDs and CSs as a function of Ar gas flow show no
overlap (Figure 4). Indeed, the sizes show only a small change in
size within each type, as the Ar flow rate varies. The observation
of only two sizes of products implies two different growth
mechanisms for the CDs and CSs from different building blocks.

5. At high temperatures, acetylene is well known to be transformed
into polycyclic aromatic hydrocarbons (PAHs), consisting of fused
hexagonal, pentagonal, and heptagonal carbon fragments.*-* In
the case of CSs, pentagonal and hexagonal carbon fragments pair
to form a spiral core and a spherical structure, which is terminated
by graphitic flakes.*#> A cartoon showing the synthesis of the CSs
(and CDs) from PAHs is given in Figure 5.

6. The CDs do not show this effect; they consist of stacked graphene
layers, which implies that the ratio of C¢ planar rings to C;/C, rings
leads to the different structures seen. This stacking is associated
with the different flow rates used, leading to different carbon
growth patterns in the CVD reactor (Figure 5).

7. Itis possible that a catalytic effect of the quartz tube could also play
a role in generating the two different carbons formed.*!

The unexpected finding suggests that it should be able to generate CDs

in a much higher yield by controlling the CDs building blocks. This

control could be done by adding benzene or related planar carbon
sources to the C,H,.** Efforts in this direction are currently underway.

CONCLUSIONS

For the first time, this study reports the synthesis of CDs with
different particle sizes (below 10 nm) made in a vertical CVD reactor.
This method produced hydrophobic CDs in an in-situ method. The
structural and electronic properties of the CDs were studied, and it
was confirmed that the CDs are similar in their physical and optical
properties to those produced by a horizontal CVD method. This
similarity includes their quasi-spherical shape made of graphitic
layers, UV-vis absorption properties resulting from 1 > m* transitions
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and the presence of a limited number of functional groups as
suggested by their FTIR spectra. The TGA results showed that these
CDs have thermal stability similar to those reported for well-known
carbon allotropes such as CSs, CNTs and CNOs. The data suggests
that these CDs could be used in high-temperature applications. This
method also produced small CSs (ca. 100 nm) with a narrow particle
distribution and high thermal stability. Most importantly, it is clear
that a different mechanism produces the CDs produced in this study
than that used to make CSs.
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Figure S1: TEM image of products obtained in SCC#2 before purification
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Figure S2: a) TEM image and b) particle size distribution histogram and a normal distribution

curve of the CSseo0/10/1 Sample
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Figure S3: a) TEM image and b) particle size distribution histogram and a normal distribution curve of

the CSssso/101 sample
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Figure S4: a) TEM image and b) particle size distribution histogram and a normal

distribution curve of the CSss2o/10/1 sample
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Figure S6: a) TEM image and b) particle size distribution histogram and a normal distribution

curve of the CDsgo0/92 sample
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Figure S7: a) TEM image and b) particle size distribution histogram and a normal distribution

curve of the CSsao0/3/1 sample
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Figure S8: a) TEM image and b) particle size distribution histogram and a normal distribution

curve of the CSsa400/82 sample
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Figure S9: a) Raman spectra and b) FTIR spectra of CDssxo/1012, CDssso102 and CDseoo/1012, CSsao0r102 and

CSs3s0/102 samples



Figure S10: a) sample CDse00 synthesised in the current study and b) CDs synthesised from

vitamin C in distilled water
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Figure S11: Derivative weight loss thermograms of the samples synthesized at 1000 °C
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