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Flow reactors are expected to play an increasingly important role in the production of chemicals. A simple
carbon-based scaffold to easily develop flow systems is here detailed. Using a chemical vapour deposition
technique, the controlled in situ growth of vertically aligned (VA) multi-wall carbon nanotubes (MWCNTSs)
into quartz columns with 2 mm inner diameter is achieved. Several of the described MWCNT columns
(CNCs) can be produced at a time. The influence of synthesis parameters on the formation of these VA-
MWCNT scaffolds is reported and discussed (e.g. injection time of the precursor, carrier gas flow rate,
inner diameter and length of the quartz column, position in the furnace during synthesis). Raman
spectroscopy, optical microscopy, scanning and transmission electron microscopy are used to assess
the coverage of the inner channel of the quartz column with VA-MWCNTs and their overall quality. The
length of the CNCs together with the carrier gas flow rate are found to be key parameters to control the
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successfully immobilised within these MWCNT scaffolds. The benefits of the CNCs for flow system
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1. Introduction

The benefits of flow systems over batch processes in the
chemical sciences are multiple: continuous operation, better
control over experimental parameters, minimised waste and
energy, etc."™ Due to their outstanding mechanical, chemical
and surface properties, carbon nanotubes (CNTs) have attracted
interest for various flow systems like filters,” membranes,*” or
chromatography.*® However, their implementation in flow
catalysis'®™ is more limited despite being intensively investi-
gated as supports for various catalysts™ including particles,'***
molecules' or enzymes,'”** and for various chemical reactions.
The relatively limited use of CNTs in flow systems can be
inferred to the challenging dispersion of CNTs** especially in
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scaffolds for flow catalysis and filtration.

aqueous solutions and the related complex processing.*** In
addition, the integration of CNTs in flow devices using classical
methods is not straightforward and may require multiple steps
including high pressures, e.g. for packing a column,* substrate
pre-treatments' and/or the use of sacrificial templates and
etching agents.**

By chemical vapour deposition (CVD) methods, CNTs can be
grown directly on a substrate as vertically aligned (VA) ‘forests’
or ‘carpets’.’® A simple approach to fill a column with VA-CNTs
is to use the column itself as reactor. This approach was re-
ported to develop stationary phases in chromatography.>*** This
is conceptually close to the development of ‘inner wall-func-
tionalised’ flow reactors.>***” The direct growth of CNTs within
a column does not require any supportive binder or frit*® to
immobilise CNTs since VA-CNTs are typically in good
mechanical contact with the surface they are grown on.'
However, in most reports, the hydrocarbon flow required to
grow the CNTs is forced to pass through the column during
synthesis. As a consequence, only one column is obtained at
a time.>*?*?52° Mini reactors (channel size between 0.5 and 2
mm) compared to micro reactors (channel of size inferior to 0.5
mm)*® require lower pressure to pass a flow through under
operating conditions. Mini-rector systems also appear more
attractive to synthesise VA-CNTs in a column by CVD without
high pressure requirement.

To simply transpose CNTs to flow devices, a simple and
versatile approach to obtain multi-wall CNT (MWCNTs)

This journal is © The Royal Society of Chemistry 2020
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columns (CNCs) was introduced.* It consists in growing VA-
MWCNTs* into 2 mm inner diameter (ID) column-like quartz
substrates. So doing, the challenging dispersion of the CNTs is
avoided, several columns can be obtained in a single experi-
ment, and there is no need for any sacrificial template or
etching step. Moreover the CNCs obtained are readily suitable
scaffolds for flow catalysis.*® In addition, it offers the benefits of
miniaturised flow systems?>”*>* such as continuous production,
possibility of working with small volumes and hence higher
concentrations, whilst minimizing waste and energy
consumption. Since controlling CNT growth into substrate with
column-like geometries is important for optimising CNC filling
and further applications, the influence of various experimental
parameters over VA-MWCNT length profile and graphitic
structure in a CNC is here detailed. The properties and benefits
of CNCs for flow system design are highlighted.

2. Experimental

2.1. Chemicals

Ethanol (CH30H, 99.8%, Fisher Scientific), toluene (C¢HsCHs,
99.9%, Fluka), fluoresceinamine (6-aminofluorescein, =90%,
Aldrich), chloroplatinic acid hexahydrate (H,PtCls-6H,0, ACS
reagent, Sigma-Aldrich), formic acid (98%, Fluka), sulfuric acid
(H,SO4, 98%, Fisher Scientific) were all used as received.
Ferrocene (CqoH;oFe, 98%, Aldrich) was resublimed at 90 °C
prior to use. Argon (Ar, 99.99%), was obtained from BOC. Ultra-
high purity water (Millipore MilliQ, 18 MQ c¢m) was used for all
aqueous solutions.

2.2. CNC synthesis

VA-MWCNTs were synthesised using aerosol assisted chemical
vapour deposition via a previously reported general
method.?**** Briefly, a precursor mixture of toluene and
ferrocene (5 wt%) was used together with argon as a carrier gas
at a flow rate of 2500 sccm, unless otherwise specified.
Syntheses were run at 800 °C. Quartz tubes (Robson Scientific,
UK) with 1 mm, 2 mm or 4 mm ID and outer diameters 8§ mm,
4 mm and 6 mm respectively were used as column substrates.
These columns were cleaned by sonication for at least one
minute in ethanol prior to use. Without any other pre-
treatment, they were positioned in a quartz tube of 21 mm ID
playing the role of the reactor during synthesis. The columns
were positioned in such a way that one extremity of the column
(the IN extremity detailed below) was placed at 17, 23, 27, 29, 39
or 45 cm inside the furnace in the direction of the gas flow
during synthesis, as detailed in Fig. S1 in ESI.} The longest
dimension of the column was aligned with the axis of the
reactor and several columns could be placed at a same position.
Up to three columns could be placed per position and so up to
twenty five CNCs can be obtained per experiment. Post-
synthesis, the furnace was left to cool down to below 300 °C
under an argon atmosphere before collecting the columns
covered with a black deposit.
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2.3. CNC cross-sections

VA-MWCNT length profiles in CNCs were measured after
achieving cross sections of the quartz columns. A diamond pen
or a tungsten carbide blade was used to scratch the outer part of
the CNC and the cross section made by simply ‘snapping’ the
CNC at the desired position. To un-ambiguously identify the
columns and to define the entrance (IN) and exit (OUT) of
a column relative to the flow of carrier gas during MWCNT
growth, columns were marked at one extremity with a diamond
pen. Positions along the CNCs are defined relative to the
extremity facing the hydrocarbon flow during synthesis, define
as position 0 cm (entrance, IN). The other extremity of the
column, not facing directly the flow of hydrocarbon during
synthesis, is defined as the exit (OUT). This is schematically
represented in Fig. S2.f VA-MWCNT length profiles along
a column were obtained by measuring the VA-MWCNT length
on various cross-sections of a same column.

2.4. CNC characterisation

The CNCs were characterised by scanning electron microscopy
(SEM, Jeol 840F operated at 5 kV), transmission electron
microscopy (TEM Jeol 2000FX operated at 200 kV) and optical
microscopy (VMS-004 Deluxe microscope, with a x 10 objective).
Samples for SEM were placed in specially designed SEM
holders. TEM samples were prepared by dispersing MWCNTSs
collected in a CNC by sonication in ethanol for five minutes
prior to depositing few drops of the solution on a carbon TEM
grid. Raman spectroscopy was performed with a JY Horiba
Labram Aramis imaging confocal Raman microscope (532 nm
laser excitation and using a x50 objective) on CNC cross
sections. Energy dispersive X-ray spectroscopy (EDS) was per-
formed with a Hitachi TM-3000 table top SEM operated at 15 kV
and equipped with an EDS detector. The VA-MWCNT length
profiles inside the CNCs were obtained using images recorded
with x10 or x50 optical lenses. Selected areas were studied by
SEM to confirm the results with higher resolution. It was found
that the analysis using images recorded with a simple optical
microscope was sufficient for the purposes of this study.

2.5. Fluoresceinamine adsorption

A saturated solution of fluoresceinamine was prepared in water.
The fluoresceinamine solution was then flushed through CNCs
by 10 uptake-outtake cycles with a syringe whereby the needle
was made of a CNC, Fig. S3.1 The CNCs were left in the fluo-
resceinamine solution for 12 to 36 hours. Columns used were
1 cm or 2 cm long. The columns were then thoroughly washed
with ultra-high purity water and a cross section performed for
characterisation.

2.6. Platinum salt chemical reduction

Platinum (Pt) nanoparticles were deposited by chemical
reduction of a platinum salt.*®* To do so, CNCs obtained with
a synthesis time of 90 minutes were left in concentrated sulfuric
acid for 24 hours and subsequently thoroughly washed with
high purity water. The CNCs were then left for another 24 hours
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in 10 mL of an aqueous solution of H,PtCls-6H,0 (21 mM)
before 0.5 mL of formic acid were added. After further 12 hours,
the samples were thoroughly washed with ultra-high purity
water. During all steps a magnetic stirrer was used to stir the
solutions. Cross sections were then performed for imaging and
analysis.

3. Results and discussion

3.1. Multi-wall carbon nanotubes columns (CNCs): general
synthesis and characterisation

The flow chart of the process to obtain CNCs is illustrated in
Fig. S4.1 During aerosol assisted CVD, all surfaces exposed to
the precursor (here toluene and 5 wt% ferrocene) in the hot
region of the furnace are covered with CNTs during synthesis.
This includes the external surfaces of the quartz column with
2 mm diameter used here as substrate. After synthesis, the
quartz columns are covered with a black deposit. Removing this
black deposit from the outside surface of the column is ach-
ieved by simply mechanically scratching the surface. A sche-
matic representation of a quartz column then obtained is given
in Fig. 1a. It is possible to see light through the columns. This is
a first evidence that the columns are not blocked by VA-
MWCNTSs. The inner part of the column is also covered with
a black deposit.
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Fig.1 (a) Schematic representation of a CNC and associated sections.
(b) SEM micrograph of a cross section performed in the middle of
a CNC showing VA-MWCNTs. The quartz surface appears as white
background, the MWCNTSs are dark grey and the black inner channelis
due to the partial filling of the column. (c) SEM micrograph of
a longitudinal section of a CNC showing an inner channel free of
MWCNTs. (d) Higher magnification SEM micrograph. (e) Raman
spectrum and (f) TEM micrograph of MWCNTSs grown inside the CNCs.
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SEM micrographs of the structures grown in the middle of
a column after cross and longitudinal sections, see Fig. 1a, are
reported in Fig. 1b and c, respectively. The typical ‘forest’ or
‘carpet’ geometry expected for VA-MWCNTSs grown by aerosol
assisted CVD is observed. The MWCNTs grow perpendicular to
the inner diameter surface of the quartz column. This is
consistent with reports of VA-MWCNTs growing perpendicular
to flat substrates.'>** The quartz column appears as a white
background in the SEM cross section in Fig. 1b whereas the
MWCNTs are dark grey. The black centre in the middle of the
image corresponds to a zone without material in agreement
with Fig. 1c. The full coverage of the quartz column inner wall is
confirmed since there is no part of the column without
MWCNTSs. An inner channel without material is formed since
the VA-MWCNTSs are not grown long enough to fill the column
inner diameter. The full coverage but partial filling account for
the ability to see-through CNCs despite VA-MWCNT deposition.

A higher magnification SEM micrograph of the structures
grown is reported in Fig. 1d. It further confirms that the
structures developed are indeed tubular nanomaterials. The
MWCNT structure is equally confirmed by Raman spectroscopy
performed on various cross sections of CNCs for which a typical
spectrum is reported in Fig. 1e. The three expected character-
istics Raman peak of MWCNTs* around 1340 cm ™' (D peak),
1565 cm ' (G peak) and 2680 cm ™" (2D peak) are observed for
all samples on all cross sections. Finally, a transmission elec-
tron microscope (TEM) micrograph of the materials collected
within a column is reported in Fig. 1f. TEM analysis confirms
a hollow tube-like material grown into the column with
a majority of tubes showing an inner diameter (whiter part of
the tube) between 8 and 20 nm with thick outer walls (darker
part of the tubes) leading to an outer diameter in the range 25-
60 nm. The MWCNTs obtained do not differ from VA-MWCNTs
obtained by similar approach but without using a quartz
column as a substrate.>***%® All the presented characterisations,
together with picture reported in Fig. S5,1 confirm full coverage
of the inner channel of the column with VA-MWCNTs.

3.2. Control over CNC filling: a parametric study

To control the filing of CNCs with VA-MWCNTSs, several
parameters were investigated and their effects on the length and
graphitic structure of the MWCNTs inside the columns
assessed. The diameter of the columns (e.g. 1, 2, 4 mm ID) is
found not to be a limiting factor to grow VA-MWCNTs within
the CNCs. In order to develop mini reactors® a detailed study
was performed on columns with 1 mm and 2 mm ID. Using flat
quartz substrate, we documented the influence of the position
of substrates inside the furnace and how this affects the prop-
erties of the as produced VA-MWCNTs.** The influence of the
position of the columns quartz substrate in the furnace was
then studied. The position in the furnace where MWCNT length
within the CNCs was the most homogeneous were located
between 23 and 29 cm into the furnace. The other experimental
parameters investigated and found to have a pronounced
impact on the CNT growth - therefore on the filling of the CNCs
- are (1) the time of precursor injection during MWCNT

This journal is © The Royal Society of Chemistry 2020
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synthesis, (2) the length of the quartz column used as substrate
and (3) the flow rate of carrier gas.

3.2.1. Influence of time of synthesis on VA-MWCNT length
profile in a CNC. In Fig. 2 the VA-MWCNT length profile along
CNCs as a function of synthesis time is reported for a 2 mm ID
column. For 15, 30 and 90 minutes of synthesis, the VA-MWCNT
length is around 100, 250 and 500 pm, respectively. A longer
time of precursor injection during synthesis then leads to
overall longer VA-MWCNTs in the columns, which is in agree-
ment with results obtained on flat substrates.*

For time of synthesis longer than 90 minutes, the complete
filling of the column could not be achieved (total length of the
MWCNTSs < 1000 um, see also Fig. S61). Nevertheless, MWCNTSs
longer than 500 pm are easily grown on most of the inner
surface of the column with an injection time of 90 minutes. This
means that more than 75% of the inner channel surface on
a column cross section is made of MWCNTs. A time of 90
minutes was considered enough to achieve an optimal filling of
the CNCs.

The same study using smaller 1 mm ID CNCs gives in-
homogenous column filling. In particular the middle of the
column is nearly free of VA-MWCNTSs whereas entrance (IN) and
exit (OUT) are usually completely filled, see Fig. S7.} Due to the
small inner diameter of the column, the column core is blocked
by VA-MWCNTSs that can grow long enough to connect with the
MWCNTs grown diametrically opposed, Fig. S8.7 It is concluded
that the best inner diameter for the column to develop mini
rectors is 2 mm. The use of 1 mm ID columns was not studied in
greater details to develop mini reactors. With 2 mm ID columns,
for synthesis time of 150 minutes, CNCs with only their OUT
extremity blocked are observed. In such case, VA-MWCNTSs were
protruding out of the column, see Fig. S9.f Whilst such
‘blockage’ was noticed to hinder liquids to pass through the
column, these CNCs might still be relevant for high pressure
filtration.

3.2.2. Influence of CNC length on VA-MWCNT length
profile. The influence of the length of the column was

0.0 0:5 1:0 125 2:0 2.5
Position in column / cm

Fig. 2 Length profile of the VA-MWCNTs grown inside a 2 cm long
2 mm ID column as a function of the position into the column and as
a function of the time of synthesis. The carrier gas flow rate was 2500
sccm and results obtained for a column used as substrate placed
29 cm inside the furnace.
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investigated. Filling columns of less than 2 cm long is possible.
It is however difficult to accurately investigate the VA-MWCNT
length profile in shorter columns since creating cross sections
is challenging. In Fig. 3, the VA-MWCNT length profile as
a function of the CNC length is reported for columns longer
than 2 cm. The longer the column is, the less uniform the VA-
MWCNT length profile becomes. For example, the length of
the VA-MWCNTSs varies between ca. 100 um and 800 pm in
a 4 cm long column, whereas for a 2 cm long CNC the VA-
MWCNT length ranges between ca. 450 pm and 600 pum.

For 1 mm ID CNCs, the filling is generally inhomogeneous,
and the extremities of the columns are usually more filled than
the middle of the column, see Fig. S10 and S11.7 This trend in
the filling has been observed for various experimental condi-
tions and for a number of experiments detailed in ESLT
Therefore, it is concluded that 2 cm is the optimal length to
prepare CNCs.

3.2.3. Influence of carrier gas flow rates on VA-MWCNT
length profile within a CNC

3.2.3.1. Fixed carrier gas flow rate. Three different carrier gas
flow rates were investigated: 1000, 2500 and 5000 sccm. In the
case of 2500 sccm a better global filling is observed compared to
the case of 1000 sccm, as reported in Fig. 4 and S12.1 In the
plain set of data obtained with 2500 sccm flow of carrier gas, the
shortest VA-MWCNTS are ca. 300 pm whereas for 1000 sccm on
the dashed set of data they are ca. 50 pm. In both cases, the
longest VA-MWCNTSs observed are around 700 pm in length. For
5000 sccm, the zone in the furnace giving more homogeneous
CNC filling is between 39 and 45 cm, Fig. S13.T However, while
consuming more precursors for a same time of hydrocarbon
injection, a flow rate of 5000 sccm does not bring any significant
advantage over the control on CNC filling.

For experiments performed with flow rates of 2500 sccm, the
VA-MWCNTs formed at the IN position (0 cm) are shorter than
those at the OUT position, Fig. 3 and plain line in Fig. 4. This
difference is more pronounced for CNC with a column length

1000
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200

1004 N ouT
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Position in column /cm

MWCNT length / pm

Fig.3 Length profiles of VA-MWCNTSs grown inside quartz columns as
a function of the position in the column for 2, 3 and 4 cm long columns
with 2 mm ID. The carrier gas flow rate was 2500 sccm and the
synthesis time was 90 minutes. All column-substrates were located
between 23 and 29 cm within the furnace.
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Fig. 4 Length profile of the VA-MWCNTs grown into columns as
a function of the position inside 2 mm ID and 3 cm (black) or 4 cm
(grey) long columns. The carrier gas flow rate was 1000 sccm (dashed)
or 2500 sccm (plain) and results obtained for columns placed at 27 cm
within the furnace. The synthesis time was 90 minutes.

longer than 2 cm. The opposite observation is made for the
experiments carried out with a carrier gas flow rate of 1000
scem, see dashed lines in Fig. 4. In experiments conducted with
a flow rate of 1000 sccm, the VA-MWCNTSs are longer at the
column gas inlet (IN) than at the opposite end (OUT). Therefore,
the carrier gas flow rate is an important parameter to control the
VA-MWCNT properties along the column. Possible reasons for
this observation are discussed in Section 3.4.

3.2.3.2. Change in the carrier gas flow rate. Since 2500 and
1000 scem lead to a reasonable filling of the CNCs, the carrier
gas flow rate was changed during synthesis in order to optimize
CNC filling further. Results are shown in Fig. 5. A minimum VA-
MWCNT length around 600 pm for a maximum length around
700 um is achieved for CNCs placed at 23 cm within the furnace.
With 2 mm ID and 2 cm long columns, the MWCNTs length
profile is more homogenous across the column. However this
approach of changing flow rates during synthesis, does not
result in better filling of longer columns, Fig. S14.1 An impor-
tant difference when a change of flow rate of carrier gas is
performed, compared to a case without flow rate change, is the

00 05 10 15 20
Position in column/cm

Fig.5 (a) Length profile VA-MWCNTSs grown inside a 2 cm long 2 mm
ID column as a function of the position in the column. A change of
carrier gas flow was performed during synthesis. The precursor
injection time was 20 minutes at 2500 sccm followed by 100 minutes
at 1000 sccm. Samples were placed at 23 cm (black solid line) or 29 cm
(grey, dashed line) in the furnace. (b) SEM micrograph of a cross
section of a 2 mm ID CNC obtained during a synthesis where the
carrier gas flow rate was changed from 2500 to 1000 sccm.
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shape of the grown VA-MWCNTs. SEM imaging of a CNC cross
section obtained with a flow change during synthesis, reveal
that the shape of the VA-MWCNTs forest is no longer concentric
with respect to the column axis, Fig. 5b, and as it was the case
with a fixed value for the career gas flow rate, see Fig. 1b. This
observation adds evidence to the importance of controlling the
flow rate the process in order to control the nature of the CNC
filling. It is, however, beyond the scope of this work to further
study and firmly conclude on what drove this unusual geometry
of the VA-MWCNT deposit prepared with different flow rates
during synthesis. See Section 3.4 for further discussion.

3.3. Controlling VA-MWCNT graphitisation in CNC

Raman spectra of MWCNTs typically display three peaks: D, G
and 2D peak at 1340, 1565 and 2675 cm ™' respectively, as
illustrated already in Fig. 1e. The ‘quality’, i.e. graphitisation, of
a MWCNT can be evaluated by the intensity (/) ratio of the D and
G peak. In simple terms, a small Ip/I intensity ratio is a result
of low defect MWCNT.* By systematically recording Raman
spectra at the IN and OUT positions on various CNCs, it is
observed for number of experimental conditions (including
different inner diameter columns) that the I,/I; ratio is statis-
tically different at those two positions on a same CNC. This
observation is illustrated in Fig. 6 for 2 mm ID 4 cm long
column: the Raman spectra at the IN positions shows a rela-
tively higher D peak intensity and smaller 2D peak intensity
compared to the spectra recorded at the OUT position. The Ip/Ig
ratio is then significantly higher at the IN than the OUT posi-
tion. The intensity ratios obtained at cross sections of the
columns were however statistically not significantly different
from IN or OUT positions and so were not investigated further.

a
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Fig. 6 (a) Raman spectra at the IN and OUT position of a 2 mm ID and
4 cm long column. Synthesis was performed with a carrier gas flow
rate of 2500 sccm for 90 minutes. The substrate was placed 27 cm
within the furnace. (b) Representative Raman intensity ratio Ip/Ig at the
IN and OUT positions of the CNC.
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The difference between the IN and OUT position is to be
correlated with the difference in VA-MWCNT length observed at
these positions for the same CNC, for which the MWCNT length
profile is reported in Fig. 4 (solid dark line). The VA-MWCNT
length is significantly longer at the OUT than the IN position.
This combination of lower I,/I; value and longer VA-MWCNTSs
at the OUT positions compared to higher I/l value and
shorter VA-MWCNTs at the IN positions was almost always
observed for samples produced with a carrier gas flow rate of
2500 sccm. In contrast, for samples produced at flow rates of
1000 scem, the inverse trend is observed: the VA-MWCNTS Iy/I
ratio are smaller at the IN rather than the OUT position of the
CNC, Fig. S15,1 whilst the VA-MWCNTSs are now longer at the
entrance than the exit, e.g. dashed line in Fig. 4. A flow of 5000
scem did not lead to significant difference in the Ip/I ratio at
the IN or OUT positions.

3.4. Discussion

Since the VA-MWCNT length profiles are less homogeneous as
the length of the column increases, Fig. 4, and the difference in
length and graphitisation more pronounced for longer
columns, Fig. 6, an experiment with a 10 cm long 1 mm ID was
performed with a carrier gas flow rate of 2500 sccm, see
Fig. S16.7 For this set of experimental parameters, most of the
column remained free of VA-MWCNTSs. These results suggest
that most of the hydrocarbon precursor flow does not go
through the column efficiently, thus preventing catalyst parti-
cles deposition and VA-MWCNT formation inside the column.
Nevertheless, in agreement with results presented in this study,
the length of the VA-MWCNTSs was longer at the OUT than the
IN position and the Ip/I; value lower at the OUT than the IN
position. It is then likely that a change in the flow distribution at
the IN and OUT position of the column happens, possibly
a back flow phenomenon or a more turbulent flow at the OUT
position. For a flow of 2500 sccm, this ‘perturbation’ in the flow
induced by non-flat substrate is responsible for the growth of
longer and more graphitic VA-MWCNTs at the OUT position of
the CNC.

The strong dependence of VA-MWCNT length and Ip/Ig
values to the flow rate value of the carrier gas also supports the
previous explanation. Depending on the carrier gas flow rate,
different conditions for the formation of the catalyst particles
responsible for VA-MWCNT nucleation and growth are likely
induced at the IN and OUT positions, leading to different
growth conditions, and hence resulting in different properties
of the VA-MWCNTs grown in terms of length and graphitisa-
tion. This explanation also accounts for the different filling of
the CNCs obtained with a flow change during synthesis, Fig. 5b.
Changing the flow rate of carrier gas likely promotes different
growth conditions along the column as the VA-MWCNTs form,
and this could account for the slightly more homogenous filling
observed. This finally account for the different length of
MWCNTSs observed in a same section of the column if a flow rate
change is induced.

Moreover, VA-MWCNTs produced with flow rates of 2500
sccm not only exhibited different lengths and graphitisation,

This journal is © The Royal Society of Chemistry 2020
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but also different oxidation behaviour, Fig. S17.f The VA-
MWCNTSs obtained on the part of the column closer to the
OUT position show better oxidation resistance than VA-
MWCNTs collected closer to the IN position. This can be
related to the more graphitic structure of the MWCNTs that
correlates with higher oxidation resistance.®® This result
supports the different in nature of the MWCNTSs grown at these
different locations. This gives an example of a facile approach
for tuning VA-MWCNTs properties by careful consideration of
the substrate geometry together with the control of the carrier
gas flow rate during synthesis.

3.5. CNCs: towards flow systems

CNCs were previously reported as suitable scaffolds for flow bio-
catalysis.*® This section illustrates the relevance of CNCs for
flow systems in more general terms, e.g. filtration and hetero-
geneous catalysis. Cross sections of the CNCs are performed
without disconnecting the VA-MWCNTs from the quartz surface
as observed in Fig. 1. This suggests a relatively strong
mechanical link between the VA-MWCNTs and the column
inner surface. As a consequence, the CNCs can withstand a flow
of liquid passing through the column. This is confirmed by
using a CNC as ‘needle’ for a syringe as reported in Fig. S3.T The
liquid is passed through the CNC without noticeable loss of the
VA-MWCNTs and with low pressure requirement (a simple
syringe without pumps is enough). VA-MWCNTs were suggested
to lead to more individualised nanotubes,”** possibly
promoting better wettability*® as well as better flow distribution
within the carbon scaffold."*® Another important property ex-
pected from MWCNT networks is to allow facile penetration and
immobilisation of species. E.g. from an aqueous solution and so
despite the hydrophobic nature of MWCNTSs.>>

Fluoresceinamine has a Raman signature distinct from the
MWCNT peaks.*>** Optical images of a CNC extremities and
cross section are reported in Fig. 7a-c as well as Raman spectra
in Fig. 7d before and after exposure to fluoresceinamine. After
exposure to a fluoresceinamine solution (detailed in the
Experimental section), the presence of immobilised or trapped
fluoresceinamine within the CNC carbon network is established
by presence of a pronounced Raman feature at 1179 cm™*. The
presence of fluoresceinamine in the carbon network is also
marked by peaks at 1414, 1474, 1504 and 1634 cm™ . This is
especially clear at both ends of the CNC in direct contact with
the solution (fine line) but is also observed on a cross section
within the column (bold line). The peak at 1340 cm ' and
1565 em ™' are characteristic of the MWCNTs (dotted line) in
Fig. 7d. Similar results were obtained with CNC of different
length. The Raman spectra recorded directly at both ends of the
column as well as on cross sections performed in the middle of
the column, reveal peaks characteristic of the probe molecule
fluoresceinamine in all cases.

Platinum is a catalyst for several reactions and Pt nano-
particles have been reported in flow configuration after immo-
bilisation in CNT forest for hydrosilylation reactions at 50 °C **
or hydrogenation at 27 bar.*” Pt nanoparticles are easily reduced
chemically in situ within a CNC carbon network, see
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Fig. 7 (a—c) Photographs of a 1 cm long 2 mm ID column. (a) and (c)
are the extremities of the CNC. (b) is a cross section performed in the
middle of the CNC. (d) On this same CNC, Raman spectra were
recorded after exposure to a solution of fluoresceinamine: at one
extremity of the CNC (fine line) and at a cross section in the middle of
the CNC (bold line). The Raman features recorded at a cross section of
a CNC before exposure to an aqueous solution of fluoresceinamine
are also reported (fine dotted black line). The spectra were normalised
to the intensity value of the G peak at 1565 cm™.

Experimental section for more details. In Fig. 8a, the whiter dots
observed on the carbon network in the backscattered electron
micrograph correspond to metal nanoparticles. The EDS data
shown in Fig. 8a confirm the presence of Pt species. The iron
signal is due residual iron catalysts particles in the MWCNT
network.* However, the presence of iron alone does not account
for the density of white dots present in the SEM images. The
presence of iron was shown previously to not prevent the use of
the scaffolds for bio-catalysis.”**® This observation can be
attributed to the iron being mainly trapped within the tubes as

i 2z 3 4
Energy / keV

Fig. 8 (a) SEM micrograph of the middle of a 2 cm long CNC after
cross section revealing presence of conductive particles (whiter dots)
on the MWCNTs within the CNC after chemical reduction of an
aqueous Pt salt solution. (b) EDS analysis spectrum recorded on the
same cross section.
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it can be seen in Fig. 1f where darker features are attributed to
iron nanoparticles located in the core of the MWCNTSs. It must
however be kept in mind that presence of iron may play a pos-
titive or negative role in further applications.

The surface area of the MWCNTSs produced from toluene by
aerosol assisted CVD is typically around 60 m® g~ *.2° For the
MWCNTSs obtained in a 2 cm long column the mass of MWCNTs
in the column is around 100 mg. The expected surface of carbon
in the column is therefore approximately 60 000 cm” whereas
the quartz surface in the column is ca. 1.3 cm® based on
geometrical consideration. It means that the surface area after
growing the VA-MWCNTs increased by a factor up to 46 000
compared to a blank column without VA-MWCNTs. A benefit of
the CNCs is then to develop a high surface area of carbon
material within the CNC. These results illustrate the general
applicability of the CNCs to immobilise catalysts and retain
(and ultimately ‘filter’) nanoparticles and molecules.

3.6. Benefits of CNCs: summary and perspectives

CNCs are versatile scaffolds for flow catalysis and other flow
applications.

(1) Simplicity. An advantage of the CNC design is a template-
free synthesis. Plus, there is no need to treat the column before
synthesis. Several columns can be obtained per experiment. No
chemical or thermal treatment is required after synthesis and
prior to the use of a CNC.

(2) Alleviate MWCNT dispersion. The strong advantage of
CNCs is to avoid completely the challenging dispersion of
MWCNTs. This facilitates MWCNT integration into device and
limits steps between synthesis and implementation.

(3) Mechanical stability. MWCNTs are protected within the
column: mechanical stress on the column does not damage the
MWCNT structures. This fact is a strong advantage compared to
MWCNTs grown on flat substrates or after an etching step
required to obtain free standing MWCNT forests.

(4) Immobilisation. 1t is possible to immobilise various
species and catalysts: particles, molecules, enzymes, in the high
surface area, porous, MWCNT network.

(5) Chemicals compatibility. CNC are compatible with
aqueous solutions, despite the hydrophobic nature of
MWCNTSs. CNCs are compatible with a range of chemicals and
organic solvents.

(6) Flow chemistry. CNCs are readily compatible with flow
devices: the columns have a natural way-in and way-out. The
CNCs are easily handled, connected to tubing, can be dipped
into solution and easily removed.

(7) Operation at atmospheric pressure. The vertical alignment
of MWCNTs in the CNCs provides an orientation that could not
be achieved with dispersed MWCNTS, e.g. in a packed-column
configuration. Together with the control over CNC filling, this
may contribute to a better flow within the column® and account
for the low pressure required to pass a flow in the mini reactor
created.

(8) Thermal stability. CNTs show good heat transfer proper-
ties.”> The use of a quartz column together with the high
thermal resistance of MWCNTs up to 500-600 °C in air,

This journal is © The Royal Society of Chemistry 2020
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Fig. S17,1 makes the CNCs compatible with high temperature
operation.

(9) Further applications. Control over CNC filling could lead to
applications in separation, purification or filtration devices,
possibly combined to (electro)catalytic reactions.

(10) Simple building block for flow systems. The opportunity to
produce several CNCs at a time makes it possible to connect
different columns in series or parallel for different chemical
steps to take place in each column.

4. Conclusions

A facile design of carbon-based flow mini reactors made of VA-
MWCNT columns (CNCs) is detailed. Different parameters
influence the formation of VA-MWCNTs inside quartz columns
with small inner diameter (2 mm). The main parameter to
control over the CNC filling with VA-MWCNTs is the flow rate of
the carrier gas. A flow rate of 2500 sccm was found to be a better
value than 1000 or 5000 sccm to achieve homogenous filling of
the CNCs. The time of precursor injection controls the degree of
filling. It was found that 90 minutes of synthesis is optimal to
achieve a maximised filling. The optimal length of the column
is 2 cm and the optimal inner diameter 2 mm to obtain a rather
homogenous VA-MWCNT length profile inside the CNC.

VA-MWCNTs with different properties — essentially length
and graphitisation - are deposited inside the CNCs. For a flow
rate of 2500 sccm, longer and more graphitic VA-MWCNTSs are
grown on surfaces not directly exposed to the hydrocarbon flow
during synthesis (referred to as OUT position in this study). This
illustrates a simple way to tune MWCNT properties by simple
consideration of substrate geometry and carrier gas flow rate.
Finally, the production of fully blocked columns could be rele-
vant for filtration devices, enlarging the scope of applications of
CNCs beyond flow catalysis.
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