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Vertically aligned carbon nanotubes (VACNTSs) are among the nanomaterials recognized as efficient for many
applications, such as thermal management or energy storage. Since they are mainly produced from hydrocarbon
precursors, one of the issue is to reduce the carbon footprint of their synthesis by using bio-sourced precursors.
Herein, we use bio-based carbon precursors to effectively grow VACNTs on aluminum thin foils from a one-step
catalytic chemical vapor deposition (CCVD) method. This process at moderate temperature and atmospheric
pressure is cost-effective and produces good-quality VACNTSs on a large scale. We show that we can replace CoHy
with bio-sourced carbon precursors, and also toluene, which acts as a solvent for ferrocene, with more eco-
friendly solvents. We observe that the activation energy of the growth process depends significantly on the
precursor. After a selection of compatible carbon precursors and a parametric study, a 100 um high VACNT
carpet was obtained on Al foils with ethylene and butanol as carbon precursors and ferrocene solvent respec-
tively. The VACNT samples were directly tested as supercapacitor electrodes. The results show that the volu-
metric capacitances obtained with bio-based precursors match those obtained with acetylene as the carbon

precursor.

1. Introduction

To limit the effects of global warming, industry must take a huge leap
to become carbon free, as it is responsible for 23 % of CO5 emissions at
global scale [1]. This statement must also apply to the production of
nanomaterials, which are considered essential for applications in favor
of environmental sustainability [2]. In particular, vertically aligned
carbon nanotubes (VACNTSs) are good candidates for a lot of such ap-
plications [3], including electrodes for energy storage systems [4,5]. As
VACNTs are mainly produced by catalytic chemical vapor deposition
(CCVD) from hydrocarbon precursors [6], our aim is to replace those
derived from fossil resources with precursors derived from biomass.
Using biomass closes the carbon cycle as the CO5 used by the plant to
grow offsets that released into the air [7].

The production of carbon nanotubes from biomass is developing,
mainly for their production in bulk by pyrolysis of natural products [8].
Regarding the production of VACNTs by CCVD, early research in the
literature focused on the use of natural oils [9-13] or camphor [14] as
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carbon precursors. Most of the studies were carried out at temperature
above 750 °C, and with camphor, the maximum VACNT height is 2 mm
after 1.5 h of synthesis at 850 °C [15]. However, these compounds of
high molecular weight are not reactive enough to be efficient at lower
temperature. Indeed, only one study reports VACNT growth under 700
°C with them and VACNT height is just a few pm [16].

The issue is that for many applications, such as growth on aluminum
foil, the CCVD temperature needs to be much lower. This is why acet-
ylene is the most widely used carbon precursor for VACNT growth at low
temperature due to its high reactivity [17]. Unfortunately, acetylene is
prepared by hydrolysis of CaCy, a process generating 2.24 kgCO2eq.
kg—prod'1 due to the use of coal [18]. The challenge is therefore to find
biosourced precursors with sufficient reactivity to be viable in the CCVD
process and whose production is less carbon-intensive.

We propose to take advantage of the rapid development of the bio-
refinery, the transformation of vegetal products like cereals by
fermentation into alcohols or gases [19], to find suitable precursors with
lower molecular weight. We focus first on molecules that have shown
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promising VACNT growth at low temperatures. It is the case of ethanol,
which is the main product of biorefinery. With standard ethanol, heights
of 90 um [20] and 60 um [21] were obtained in 30 min at temperatures
below 660 °C on Al. Another candidate could be ethylene, the biobased
version of which comes from the catalytic dehydration of ethanol. It has
been widely used, in its standard form, as a carbon source for VACNT
synthesis, but on Al, few studies exist that report growths of 80 um in 40
min at 640 °C [22] or 22 ym in 15 min under similar conditions [23].
The most innovative part of our approach is to try out other molecules
whose standard form has not yet been used in CCVD but whose bio-
sourced production is being actively developed because they are in de-
mand as biofuels or biochemical [24]. This is the case for molecules with
4 carbon atoms, such as butanol, isobutene and ethyl acetate. All these
precursors are compared for VACNT synthesis but also their mixture, as
studies report beneficial synergistic effects when using a mixture of
precursors [25,26].

The aerosol-assisted CCVD was selected since this simple one-step
process leads to the rapid and continuous growth of dense VACNTs
[27-29] and is well adapted to the industrial scale [30-32]. In one-step
CCVD, carbon and metal precursors are injected simultaneously, so that
the catalytic particles are formed in-situ and refreshed continuously
during synthesis, thus limiting their poisoning. With this process, high
VACNT thickness and growth rate are easily reached at high tempera-
ture (>750 °C) on silicon, quartz and other substrates [27] with ferro-
cene as catalyst precursor. At low temperature (<660 °C) on commercial
aluminum foil, a significant growth rate was obtained using acetylene as
the carbon precursor [29,30,33,34].

In the present paper, we will replace CoHz by the bio-sourced carbon
precursors discussed above, adding camphor for comparison (Table 1).
These precursors differ in their molecular weight, but also in their C/O
ratio, as all the selected liquid precursors contain oxygen. These liquids
can be used as a solvent for ferrocene, thus advantageously replacing
toluene with an eco-friendly solvent. For the most promising precursors
or mixtures of precursors, a parametric study is performed where Hy
content, synthesis temperature and duration are evaluated. It is then
shown that a 100 pm high carpet of VACNTSs can be obtained on Al foils
with an original mixture of ethylene and butanol as carbon precursor.
The activation energy of the process is determined and discussed as a
function of the precursor. Structural and electrochemical characteriza-
tions of the samples are performed to evaluate their interest as electrode
for energy storage applications. Finally, the up scaling of the process is
reported with its best performances.

2. Method

VACNT are synthesized on aluminum substrates through the aerosol-
assisted CCVD process, operated at atmospheric pressure in a set-up
adapted from those described previously [27,34,41,42]. The chemicals
used through this study are not bio-based but are and will be commer-
cially accessible in their bio-based version. The catalytic precursor
(ferrocene, 99 %, Acros Organics) is dissolved in toluene (99.9 %,

Table 1
Thermodynamic and chemical properties of the precursors assessed in this study.
Precursor Formula Molar 0/C Evaporation Standard
mass (g/  ratio temperature ( enthalpy of
mol) °C) formation (kJ.
mol ™)
Ethylene CoHy 28 0 —-103.9 52 [35]
Isobutene H,C—C 56 0 —6.93 —134 [36]
(CHs)2
Camphor C10H160 152 1/10 179.75 —319 [37]
Butanol C4H;00 74 1/4 117 —328 [38]
Ethanol C2HeO 46 172 79 —277 [39]
Ethyl C4HgO4 88 1/2 77.1 —480 [40]

acetate
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Merck) or in one of the different bio-sourced carbon liquid precursors:
ethanol (anhydrous, Carlo Erba Reagent S.A.S), butanol (99.9 %,
Analytical grade), ethyl acetate (99.8 %, anhydrous, Merck), camphor
oil (Camphor white oil, Kosher, Sigma-Aldrich).

The mix is injected as an aerosol through an engine injection system
(Qualiflow-Jipelec) and carried by a gas flow of Ar and H into a reactor
placed in a furnace set at a temperature well below the Al melting point
(660 °C) [29]. Two new gases are tested to grow VACNTs: ethylene
(N35, Air Liquide) and isobutene (Air Liquide), while acetylene (Messer)
is used as reference. Total flow of all gases is set at 100 sccm while
ethylene, isobutene and acetylene flow are set at 15 sccm. Argon flow is
adjusted to reach the 100 sccm flow.

Ten thin Al discs of 1.2 cm in diameter from Korff foils (40 pm thick,
purity 99.5 % with Si as main impurity) are placed in the isothermal area
of the reactor at 17 to 28 cm from the furnace entrance. No specific pre-
treatment of the Al surface (except acetone cleaning) is required. Two
synthesis temperatures are tested: 615 °C and 640 °C. The samples are
weighed before and after the synthesis.

The thickness and morphology of the VACNT carpets obtained on the
first and last Al discs are observed by Scanning Electron Microscopy
(SEM, Carl Zeiss Ultra 55). The thicknesses reported in the following
results are an average of three measurements taken on the cross-sections
of the first and last samples, which are representative of all the VACNT
samples along the reactor.

CNT structure and diameter are determined by Transmission Elec-
tron Microscopy (TEM, Philips CM 12, 120 kV) after ultrasonic disper-
sion of CNTs in pure ethanol and deposit on lacey carbon film on copper
grids. The mean inner and outer diameters are obtained from the
observation of at least 100 CNTs per sample. Raman analyses (Renishaw
Invia Reflex, Aaser = 532 nm, Pjaser = 2 mW) are performed from top
view of the carpets.

Energy of activation is calculated from Arrhenius’ law using VACNT
growth rate taken at 20 min at three different temperature. VACNT
heights obtained at 20 min synthesis duration are used because under
our growth conditions the height increased almost linearly with dura-
tion up to 20 min and even beyond (see Supplementary data). Addi-
tionally, growth rate (pm.min’l) is taken instead of mass rate (mg.min’l)
because density does not increase with increasing temperature (see
Supplementary Data).

Electrochemical characterizations are performed with a multi-
channel potentiostat/galvanostat (VSP-150, Biologic Scientific Instru-
ment). A three-electrode cell configuration is used with VACNT/AI as
working electrode, Ag wire as reference electrode and porous carbon as
counter electrode [29]. The electrolyte is a mixture of 1-ethyl-3-methy-
limidazolium bis(trifluoromethanesulfonyl)imide (EMITFSI, 99 %, Sol-
vionic) and acetonitrile (ACN, 99.5 %, VWR International), both used as
received. The molar concentration is 1.3 M of EMITFSI in ACN. Cyclic
voltammetry measurements are performed at different scan rates (5, 10,
20, 50, 100, 200 and 500 mV/s) between —0.3 and 1.0 V. The capaci-
tance (C in F), the volumetric capacitance (Cy in F.cm’3), as well as the
developed surface area of VACNTs on the Al disc (Sgey in m?) are
determined from raw electrochemical data and from VACNT geometric
data.

3. Results and discussion
3.1. VACNT synthesis at 615 °C on aluminum

Six different bio-sourced carbon precursors are tested for VACNT
synthesis: ethanol, butanol, ethyl acetate, camphor oil, ethylene and
isobutene. Ferrocene is directly dissolved in the four liquid carbon
sources. The ferrocene concentration was set at 2 w% for butanol and
ethanol which is the maximum that can be dissolved in these liquids,
while for ethyl acetate, it was optimized and set at 5 w%. Finally, for
ethylene and isobutene, ferrocene is dissolved in toluene with a con-
centration of 2.5 w%, value optimized from previous work [29].
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Synthesis duration is set at twenty minutes and the oven temperature at
615 °C. The Hy content in the gas flow is adjusted to 10 vol%. These
conditions were determined to be optimal for VACNT growth with
acetylene in our set-up [29,33,34].

As shown by SEM observations (Fig. 1), a VACNT carpet is obtained
under these conditions on Al collectors regardless of the carbon pre-
cursor selected. The carpets measure between 7 and 12 um. This shows
that each selected chemical can decompose into VACNT precursors at
615 °C with 10 % Hj. However, the short heights obtained show that, as
expected, the chemicals are less reactive than acetylene, which leads to a
height of about 100 um in 20 min [29,34].

Camphor oil and isobutene were eliminated from the study as they
doesn’t respond to the criteria previously mentioned. Camphor oil was
hard to use with our injector system due to the high viscosity. Bio-based
version of isobutene is not commercially available at high volume. Only
ethanol-derived products were kept.

The previous conditions optimized for acetylene give lower VACNT
growth rate with these new precursors. To improve the rate, we will first
study the impact of the Hy content in the gas phase, as this is an
important parameter in catalytic CVD. Firstly, it has an impact on the
ferrocene decomposition rate and therefore on the formation of catalytic
particles [42]. Secondly, it affects the chemical species present in the
reactor [43] and prevents the pyrolytic carbon formation. Finally, Hy
can also act as an etchant to remove carbon byproducts, such favoring
the activity of catalyst particles [44]. New syntheses were performed
with increased Hy content to 30 vol% and 50 vol% (Table 2). VACNT
growth without Hy was also evaluated.

As can be seen from Table 2, no growth occurs at 0 vol% Hy. This can
be explained by the crucial effect of Hy on the dissociation of ferrocene,
which becomes possible well below 800 °C, allowing the formation of
catalytic particles [42]. In the presence of H, its content has a different
impact depending on the precursor. On the one hand, hydrogen seems to
have little impact when ethanol and butanol are used, as no major
change in VACNT height is observed. On the other hand, in the case of
ethylene, the VACNT height increases from 7 pym to 21 ym when
increasing the H; content to 50 vol% and for ethyl acetate from 8 um to
16 um when increasing the hydrogen content to 30 vol%.

To explain the large difference between ethylene and the other
precursors, an etching effect does not seem sufficient, as it would affect
all cases. On the other hand, the competition between hydrogenation

Ethylene

Ethyl Acetate

Ethanol
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Table 2
Influence of H2 content in the gas flow and reactor temperature on the mean
value and standard deviation of VACNT height after 20 min synthesis duration.

Temperature Hydrogen Ethylene Ethanol  Butanol  Ethyl
Q) content (ferrocene acetate
(vol.%) dissolved in
toluene)
615 0% No growth
10 % 7 +1pm 11+2 13+1 8+2
pm pm pm
30 % 14 + 4 ym 12+1 12+1 15.8 +
um um 0.1 ym
50 % 21 + 3 ym 11+1 9+1 12+3
pm pm pm
640 50 % 24 + 7 ypm 20+7 19+7 20 +
um um 10 pm

and thermal decomposition seems better able to interpret this result.
Indeed the thermal decomposition of ethylene is complex because it
produces a lot of hydrocarbon as well as Hy [26,45] (Equation 1)(Eq.
(2):

CoHy < Hz, CHy, CoHa, CoHe, C3He, C3Hs, C4He, CoHe, C7Hg @

C2H4 + H2 And C2H6 (2)

Based on Le Chatelier principle, the addition of Hy could slow down
the ethylene thermal decomposition (Eq. (1)) and shift the gas phase
composition to a more favorable one for VACNT growth. For the others
precursors, the addition of Hy doesn’t affect gas phase chemistry as the
main thermal decomposition products is water [46-48] and hydroge-
nation cannot occur. For the following syntheses H; content in gas flow
is kept at 50vol%.

3.2. VACNT synthesis at 640 °C on aluminum

As demonstrated above, at 615 °C, VACNT carpets were obtained for
each precursor but with a low growth rate due to low reactivity. As
VACNT synthesis is a thermo-activated catalytic reaction, increasing the
temperature is a powerful tool to improve the VACNT growth. There-
fore, we set the following synthesis temperature at 640 °C with 50 vol%
Hj for each precursor, as in addition; the aluminum substrate already

Butanol

Isobutene

Fig. 1. SEM pictures of VACNT carpets synthesized at 615 °C with 10 % H,.
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showed resistance to these conditions.

As expected, increasing the synthesis temperature by 25 °C drasti-
cally improves VACNT growth as the mean carpet height increases for all
precursors (Table 2). With ethylene, it increases from 21 ym to 24 ym in
mean value when the others nearly double their VACNT height: from 11
um to 20 um for ethanol, from 9 ym to 19 um for butanol and from 12 pm
to 20 um for ethyl acetate. As the temperature increases, the dispersion
in height is larger at 640 °C than at 615 °C We can also see the
appearance of overgrown material on the top of the carpet for ethylene,
phenomenon previously reported in literature [49] (Fig. 2).

For ethanol, butanol and ethyl acetate, the VACNT height on the first
Al disc in the reactor is higher than the one on the last disc upon the
temperature increase, probably due to the fact that more precursors are
consumed earlier in the reactor during the process at 640 °C. However
for (ethylene + toluene), the carpet is higher for the last Al disc than on
the first disc. This opposite behavior is yet to be understood. For the
areal mass, all the precursors give homogenous results alongside the
reactor with a slight decrease in areal mass from the first to the last
sample (Fig. 3).

The temperature increase seems to have a greater impact in the case
of ethanol, butanol and ethyl acetate than in the case of ethylene, as the
VACNT height is almost doubled. This can be explained by a difference
in activation energy, the minimum energy required to initiate the
growth of VACNT. Its value is that of the limiting step in the growth
process [6]. Additional syntheses at 630 °C were done with ethylene,
butanol, ethanol, and ethyl acetate and at 615 °C, 630 °C and 640 °C
with acetylene to complete the study.

As deduced from the data plotted in Fig. 4 the precursors have very
different activation energies. Ethylene, ethyl acetate and acetylene have
an activation energy below 1.5 eV which means that the synthesis is
driven by bulk diffusion into the catalyst, while synthesis with ethanol
and butanol, with activation energy of 1.9 and 2.7 eV respectively,
seems to be driven by precursor decomposition [6,50].

For acetylene, a value of 1.0 eV is found which is lower than that
reported in literature [51,52]. However, bulk diffusion was also

Ethylene

Butanol
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Fig. 3. Areal mass following sample position and precursor.

considered as the limiting step. In addition, as suggested by the litera-
ture [25,50], acetylene seems to be the direct precursors of CNTs (Eq.
(3)) confirming why synthesis with acetylene are limited by bulked
diffusion [53]. o represent the catalyst particle.

Acetylene : C;H, + 6—2C + H, 3)

For ethylene, a similar energy of activation was also found by Chen
et al. [54] with a sufficient carbon supply. The activation energy value
obtained with ethylene in our work indicates that either the ethylene is a
direct precursor for CNT growth or the energy required to transform it
into acetylene is lower than 1.5 eV (Eq. (4)).

Ethylene : C2H4 + O'—>C2H2 Jer (4)

For ethyl acetate, this low value can be attributed to its low tem-
perature of decomposition into ethylene around 600 °C [47].

In the case of butanol and ethanol, whose activation energy is greater
than 1.7 eV, the determining step is rather the decomposition of the
precursor on the catalytic particle (¢). The literature [25,50] suggests
the following dehydration reaction: (Eq. (5)), (Eq. (6)).

Ethanol

Fig. 2. VACNT carpets synthesized with each of the selected precursors at 640 °C after 20 min synthesis duration.
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Fig. 4. Top: Growth rate (um/min) for Ethylene (purple point), Butanol (blue triangle), Ethanol (green cross), Ethyl acetate (orange square) and Acetylene (red star)
at three different temperatures: 615 °C, 630 °C, 640 °C as a function of 1000/T. Activation energy deduced from the fit is indicated in the inserts. Bottom: SEM images

of VACNT obtained from Butanol at different synthesis temperatures.

Butanol : C4HyOH + 6—-2CyH; + 6 + 2H, + H,0 5)

Ethanol : C,HsOH + 6—C>H, + 6 + H, + H,O (6)

The water produced during the process is likely to oxidize the cata-
lyst particle [55].

3.3. Replacing toluene and the effect of mixing precursors

As stated previously, toluene is the solvent used to dissolve ferrocene
in the case of synthesis with ethylene. However, at this temperature,
toluene is not reactive [29,34] and doesn’t act like a second carbon
source. In addition, toluene is classified as health hazard. Thus replacing
it by bio-sourced precursors is a solution to have a safer VACNT syn-
thesis process and an addition of carbon input.

Therefore, syntheses were done with ethylene with one of the
selected liquids (ethanol, butanol or ethyl acetate) to dissolve ferrocene.
At the same time, we are studying the effect of a mixture of two carbon

precursors. The following syntheses were performed at 640 °C with 50
vol% Hj in the gas flow.

Figs. 5 and 6 show that replacing toluene with the various tested
liquids in the synthesis with ethylene induces an increase in VACNT
mean height in all cases when compared with the syntheses performed
with each of the liquids alone. In addition, the mixture of ethylene with
ethanol and ethyl acetate homogenizes the VACNT heights along the
reactor as the standard deviations decrease. The addition of ethylene to
butanol exhibits a particularly interesting behavior as the VACNT height
increases drastically from a mean value of 20 um to 40 pm which out-
performs the values obtained for the VACNT synthesis with (ethylene
and toluene). In terms of cleanness VACNT carpets obtained with
ethylene and oxygen-bearing precursors presents less bundles on the
surface than the ones with (ethylene + toluene) (Fig. 5) probably
because of the etching effect of H,O formed during their pyrolysis .

Literature reports that mixing carbon sources could increase the
VACNT growth rate and yield because of a synergistic effect [25,26]. For
example, Shibuya et al. [25] mixed acetylene and 1,3-butadiene at a
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Ethylene with Ethyl Acetate

Ethylene with Ethanol

Fig. 5. SEM images of VACNT grown with Ethylene and each liquid precursor after 20 min synthesis duration at 640 °C.
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Fig. 6. Impact of replacing Toluene by the tested liquids on VACNT mean
height after 20 min synthesis duration at 640 °C with 50 vol% H,.

ratio of 2:5 at 800 °C obtaining 5 mg.cm? at 0.27 mole of carbon input
instead of 2.6 mg.cm™ for pure 1,3-butadiene and nearly 0 for pure
acetylene due to catalyst poisoning.

In Fig. 7, the VACNT growth rate is plotted as a function of the
injected carbon mole rate. Two syntheses with (ethylene + toluene) at
higher and lower flow are added to complete the study. We can see that

increasing the carbon intake up to 1.2.10 mol.min! increases the
growth rate from 0.4 ym.min™! to 1.2 um.min’. A plateau seems to be
reached after this value. However, the result obtained with (ethylene +
butanol) doesn’t fit the plot with a higher growth rate per carbon mole
compared to other couples like (ethylene + ethanol) and (ethylene +
ethyl acetate). This means that a synergistic effect could occur between
butanol and ethylene when they are associated in the gas phase.

These results demonstrate that the addition of ethylene to the tested
liquids leads to the efficient growth of VACNT on aluminum at low
temperature with only bio-based and nonpoisonous precursors.

Turning now to the activation energy for the (ethylene + butanol)
and (ethylene + ethanol) pairs (Fig. 8A), its value remains above 1.7 eV
as was the case without CoHy, indicating that growth is still limited by
the decomposition step. For (ethylene + ethyl acetate), the new value of
1.8 eV compared with 1.3 eV without ethylene should be taken with
caution as the linear fit is limited with an R? value of only 0.83.

As the ethylene and butanol do not behave in the same way ac-
cording to the hydrogen percentage in the gas flow, a study of the in-
fluence of this parameter on VACNT growth was carried out. As
observed in Fig. 8B, the (ethylene + butanol) couple exhibits the same
trend as ethylene with toluene: increasing hydrogen in the gas phase
increases the VACNT height. Indeed the mean height jumps from 23 + 1
um for 10 % Hs to 41 + 8 um for 50 % Ha.
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Fig. 7. VACNT apparent growth rate after 20 min synthesis duration as a function of the carbon concentration in the feedstock.
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of the H; content on VACNT height with Ethylene + Butanol as precursors.

3.4. Effect of the synthesis duration

In order to increase the final height of the VACNTs, previous syn-
thesis durations were extended to 40 min and 80 min (Figs. 9 and 10).
This also allows to check whether some saturation occurs as a result of
catalytic deactivation, as often observed at low temperatures [29,34].

On Fig. 9, all VACNT carpets keep growing up to a synthesis duration
of 80 min. After 80 min, mean VACNT height from (ethylene + toluene)
reaches 99 um, while it is 89 um for (ethylene + butanol), 62 pm for
(ethylene + ethanol) and 54 um for (ethylene + ethyl acetate). However,
a slight growth rate reduction is present for all precursors except for
(ethylene + toluene) where VACNT growth rate is linear with the
duration.

Numerous studies have attempted to explain this limitation in
thickness as the synthesis duration increases. Authors frequently attri-
bute this decrease in growth rate to either limited feedstock diffusion
through the carpet [46,56] or deactivation of catalytic particles [9,14,
57] resulting in the complete disruption of VACNT growth [9,14,57,58].
Our previous findings derived from synthesis with acetylene [29,34]
were effectively modeled using an exponential decay model (Eq. (7))
that characterizes the self-deactivation of catalytic particles [57,59]. In
this model, the parameter "t" represents the catalyst lifetime, and "hyay"
the theoretical maximum carpet thickness, calculated as the product of t
and the initial growth rate yo.

h) = ror(1- e’?‘) = e (1 e?) @

Ethylene + Toluene
@ Ethylene + Butanol

120
§100
£
E 80 v=126,2(1 — e@id)
3 R?=0,995
£
£ 60 &
<
> 40

0 10 20 30

40 Si
Synthesis duration ?min)

Ethylene + Ethanol
Ethylene + Ethyl Acetate

y=86,6(1 — es28
R*=0,981

1

60 70 80 90

Fig. 9. Top: SEM images of VACNT height for different synthesis durations at 640 °C — (Ethylene + Butanol) Bottom: Mean VACNT height depending on precursor

type and synthesis duration fitted with different models.
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Fig. 10. SEM images of (Ethylene + Toluene) VACNT carpet (left) and (Ethylene + Butanol) VACNT carpet (right) obtained for 80 min synthesis duration from the

first pellet in the reactor.

Results obtained in the present study for (ethylene + butanol) are
well fitted with the exponential model (Fig. 9). Two additional syntheses
at 5 min and 10 min were done to complete the study and strengthen fit
accuracy. The fit gives hpg =130.2 ym, 7 = 64.4 min and therefore y, =
1.88 um.min~! for (ethylene + butanol) with a R>=0.997. The maximum
height value is very close to the previous results found with acetylene
(121 pm [29] and 153 pm [34]) while lifetime is much higher (64 min
compared to 15 min and 17 min). This could be explained by the pres-
ence of water that can increase catalyst lifetime by cleaning the catalyst
particle [60] but also by the high content in hydrogen.

On the other hand, for (ethylene + toluene) results fit well with a
linear model with a slope of 1.26 um.min™. This means that the limi-
tation wasn’t reached after 80 min. A study needs to be carried out for
(ethylene + toluene) at higher synthesis duration or with a higher
ethylene concentration to confirm that no limitation is reached.

The deceleration of the growth rate with the synthesis duration could
also be explained by the competition between the growth and etching of
VACNTSs. Indeed, the decomposition of ethanol, butanol and ethyl ace-
tate on the catalyst produces oxidants such as water, which can etch the
VACNTs [61]. This interpretation is in agreement with the differences
between the O/C ratio values (Table 1). Indeed, carpets grown from
precursors with the highest ratio (ethanol and ethyl acetate O/C = 1/2)
are the most affected by growth rate deceleration whereas butanol with
a O/C ratio of only % leads to a carpet very close in height to that of
ethylene alone. Note that the VACNT sample from the pellet placed first
in the reactor also reaches 100 um in the case of the pair (ethylene +
butanol) as it is the case for the (ethylene + toluene) (Fig. 10). As
mentioned above for 20 min synthesis duration, if we compare the two
carpets in Fig. 10, we can observe the same morphology in terms of
carpet quality and cleanness. In addition, the reproducibility of this
synthesis was verified (Figure S2) and proves that the process is robust,
opening the way to VACNT growth at higher scale.

3.5. Additional characterizations: crystallinity, CNT diameter and density

Samples, whose synthesis conditions are reported in Table 3, are
further characterized with TEM and Raman spectroscopy and are
compared to the reference sample grown with acetylene from previous
work [33]. As a consequence of the synthesis optimization with the new
precursors, the parameters are slightly different for the bio-sourced
carbon precursors compared with the reference sample: synthesis tem-
perature is higher (640 °C vs 615 °C), synthesis duration is higher to
reach almost the same VACNT height (40 min vs 20 min and 50 um vs 65
um) and hydrogen content is higher (50 % vs 10 %).

Raman analysis of VACNTs obtained with each precursor reveals the
occurrence of the classical D, G, D3 and 2D bands (See Supplementary
data). Few differences are found between precursors but the Ip/Ig ratio
evolves from 1.2 to 2 when oxygen-bearing compounds are present in
the reactant phase. It seems that these compounds generate defects in
the CNT structure. Note that with acetylene, the ratio was found around
1.3 [29].

TEM images (Fig. 11) show clean CNTs with good structural quality
with few defaults for all the precursors. No amorphous nor additional
carbon are observed around carbon nanotubes. Presence of iron-based
particles inside the nanotubes is observed with the same occurrence
except from ethyl acetate which has a higher ferrocene content.

In addition to the VACNT height measured by SEM, the external and
internal diameters were measured from TEM images (Table 3).
Compared to acetylene (diameter of 8.3 nm), all the new precursors lead
to a higher mean CNT external diameter: from 13.5 nm in the case of
(ethylene + butanol) up to 19.2 nm in the case of (ethylene + ethyl
acetate). Dorfler et al. [22] and Szabo et al. [23] reported diameter under
10 nm for ethylene on aluminum at 640 °C with a two-step CVD, to be
compared with the present value of about 14 nm, but they used a
mixture of Fe and Co as catalyst precursor. Lou et al. [21] obtained a
diameter of 13 nm with one-step CVD at 640 °C on aluminum with
ethanol, to be compared with around 16 nm here.
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Table 3
Synthesis conditions and VACNT characteristics as a function of the precursor.
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Precursors Ethylene + Toluene Ethylene + Ethanol Ethylene + Butanol Ethylene + Ethyl Acetate Acetylene [33]
Synthesis Temperature ( °C) 640 615
Synthesis duration (min) 40 10
Hydrogen content (%) 50 10
Ferrocene content (w %) 2.5 2 2 5 2.5
VACNT height (um) 49 37 47 42 65
Areal mass (mg.cm2) 2.54 0.71 1.11 1.49 0.5
Density (mg.cm™®) 520 193 236 359 102
Mean Internal Diameter (nm) 6.0+ 1.6 6.9+1.9 6.3+1.7 8.4 £3.2 3.9
Mean External Diameter (nm) 13.8 + 3.2 15.8 + 3.7 13.5+ 2.7 19.2 + 6.7 8.3
Areal developed surface area (m%*cm2) 0.412 0.094 0.191 0.174 0.141
Number of VACNT (10" em™®) 20.8 6.27 9.11 5.25 11.7

Ethylene + Toluene

Ethylene + Butanol

Ethylene + Ethanol

Ethylene + Ethyl acetate

Ethylene + Ethanol

50 nm

Ethylene + Ethyl acetate

Fig. 11. TEM images for every precursors — Synthesis done at 640 °C for 40 min duration.

These CNT diameter differences between acetylene and the others
precursors can be assigned to two factors. First, the syntheses were done
at 640 °C with all the new precursors compared to 615 °C with acety-
lene. A higher temperature lead to a larger diameter [62] as we can see
with (ethylene + toluene) in Fig. 12A. The VACNT diameter reaches
10.3 £ 2.7 nm at 615 °C, 11.3 4= 2.6 nm at 630 °C and 13.8 &+ 3.2 nm at
640 °C. The second factor is the presence of oxidant species which affect
the sintering process by improving the iron mobility on the surface
induced by excess of oxygen [63]. This hypothesis is strengthened by the
correlation between the number of mole of oxygen injected during the
synthesis and the mean external diameter (Fig. 12B).

From these morphological data and knowing the areal mass of the
different VACNT carpets, their density can be estimated, either in mass
or in number of VACNT. Regarding the mass density (Table 3), all the
values are greater than the one of the reference. However, (ethylene +
toluene) is the more interesting couple leading to a mean value of 520
mg.cm™ overpassing the 120 mg.cm™® reached by Dorfler et al. [22] as

well as all the values obtained in our previous works using CoHy (from
50 to 190 mg.cm3 in [11], and 80 to 350 mg.cm3 in [12]). The presence
of oxygen seems to negatively influence the density since, with all the
other precursors investigated in this work, the density is below 359 mg.
cm'3, significantly lower than for (ethylene + toluene) (Table 3). This
behavior must be mainly correlated with the greater values of the
diameter with the oxygen-bearing precursor, which leads to a lower
number density of CNT in the carpet. Indeed, the number of VACNT per
cm? which reaches 2.10'' CNT per cm? for (ethylene + toluene), is at
least 2 times more than with other precursors. Despite the increase of the
external diameter, high densities of VACNT per cm? of substrate close to
and even higher than those of acetylene can be obtained.

Finally, we pay a particular attention to the determination of the
areal surface area developed by each carpet (Table 3), since it corre-
sponds to the surface of exchange involved in a lot of processes,
including the electrochemical ones. The areal surface area developed by
the VACNTs were inferred according to Eq. (8):
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which are greater than the one of the reference synthesis. Furthermore,
VACNTSs derived from (ethylene + toluene) show the highest developed
surface area with 0.412 m2.cm2, which is more than twice the one of
acetylene reference. These high exchange surface area are promising in
terms of electrochemical applications.

3.6. Electrochemical characterization

VACNTSs are specifically interesting in the fabrication of EDLC’s
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Fig. 13. (A) Specific capacitance curves of each precursor calculated from cyclic voltammograms at 5 mV.s™ in EMITFSI 1.3 M in ACN. (B) Volumetric capacitance of
(Ethylene + Toluene) in EMITFSI 1.3 M in ACN at different scan rates. (C) Capacitance retention for every precursors tested. (D) Variation of capacitance with
developed surface area and influence of the precursors on the capacitance of VACNT electrode.
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electrodes [5], due to their high specific surface area and their aniso-
tropic organization. Furthermore, they can be directly grown on elec-
trode especially aluminum to be used as it is. Therefore, as the VACNT
grown with the new precursors develop a large exchange surface area,
they have been characterized as supercapacitor electrodes.

Samples of VACNT carpets grown on Al discs from each precursor are
electrochemically characterized by cyclic voltammetry in EMITFSI/ACN
at 1.3 M The capacitances, C, were determined from these CV mea-
surements (Table S1 in Supplementary data) and the volumetric ca-
pacitances, Cy, at a scan rate of 5 mV.s!. For all the VACNT/AL
electrodes, they show a quasi-rectangular shape characteristic of a
capacitive behavior of carbonaceous structures (Fig. 13A).As we can see,
all the precursors lead to capacitances equivalent to that of the acetylene
reference, with a mean value of around 5 F.cm>. However, with
(ethylene + toluene) the VACNT carpet exhibits a higher volumetric
capacitance with a mean value of 13 F.cm™>. These values are above the
ones calculated from the data obtained by Dorfler et al. [22] with a Cy
between 9.8 F.cm™ and 4.8 F.cm™.

Fig. 13B shows the specific capacitance at different scan rates for
(ethylene + toluene). The shape remains quasi-rectangular up to 100
mV.sL. At a higher scan rate the CV exhibits a more resistive behavior,
mainly due to the electrolyte resistance which is high with the cell
configuration used in these measurements. The volumetric capacitance
decreased losing nearly 40 % (Fig. 13C). The fall is weaker for others
precursors.

If we look at the variation of the capacitance as a function of the
VACNT developed surface area (Sgev), C increases linearly with Sgey with
a slope of 0.15 F.m%, i.e. 15 pF.cm? (Fig. 13D). This behavior and the
value of the slope are close to previous work [29]. This is an indication
that the VACNT carpets from the new precursors behave as VACNT
carpets from acetylene when used as electrodes and that all the devel-
oped surface area is accessible to the electrolyte. As a consequence, the
high volumetric capacitance obtained with (ethylene + toluene) is
explained by the high surface developed by VACNT from this precursor.

Finally, this work on the development of a sustainable low-
temperature one step CCVD synthesis process demonstrates that it is
possible to grow VACNT exhibiting high density on aluminum from only
biobased, low-toxic and eco-friendly precursors. VACNT grown from
these renewable carbon sources can provide volumetric capacitance
values similar or higher according to the precursor, to the one of VACNT

615°C
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from acetylene from our previous work. In particular, this meets the
requirements for the development of VACNT based electrodes for elec-
trochemical storage, and raises the question of a possible industrial
transfer to larger surface substrates.

3.7. Large surface synthesis

In order to demonstrate the transferability of the lab-scale process to
a larger scale that meets industrial requirements for development of
VACNT based materials, two syntheses with (ethylene + butanol) are
achieved on large aluminum bands of 35 cm long and 5 cm wide. The
reactor is a cylindrical stainless steel reactor (55 mm internal diameter)
introduced in a 1 m long tubular and horizontal furnace, described
elsewhere [64]. The syntheses are done at the two previously studied
temperatures: 615 °C and 640 °C. Each synthesis lasts forty minutes.

Circular samples with a diameter of 1.2 cm were made from these
two bands and observed by SEM (Fig. 14). The VACNT growth is suc-
cessful at both temperatures. For the syntheses at 640 °C, the carpet
height is homogenous alongside the aluminum band and it was
measured at 30 = 7 um. At 615 °C no VACNT were observed on the first
centimeters of the band, but after, height of 15 um were measured.

VACNT heights are lower than the ones obtained on a smaller scale,
mainly due to the differences in terms of reactor shape, gas injection
system and reactor inlet geometry. Nevertheless, these results represent
a step towards industrial scale-up, and further optimizations can be
made to better adapt the process to large scale.

4. Conclusion

Six biobased precursors were selected to evaluate their interest to
grow dense VACNTs using the one-step CCVD process: ethylene,
butanol, ethyl acetate, camphor, isobutene and ethanol. After encour-
aging initial results under non-optimal conditions, a parametric study
was carried out to optimize hydrogen content, temperature and mixing
of carbon sources. VACNT carpets of up to 100 um were obtained for
(ethylene + toluene) pair and (ethylene + butanol) pair after 80 min at
640 °C with good reproducibility. Precursor type influences the diam-
eter of VACNT which increases with the presence of oxygen. Energy of
activation was calculated for ethylene, butanol and (ethylene + butanol)
highlighting two different limiting step depending on the precursor.

Fig. 14. Left: Photo of the two aluminum bands after synthesis at the two different temperatures. Right: SEM images of the carpet obtained on the aluminum band at

615 °C and 640 °C.
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Electrochemical characterization shows that the (ethylene +
toluene) pair exhibits a higher volumetric capacitance than our refer-
ence with acetylene. However, the volumetric capacitances of samples
derived from oxygen-containing precursors are lower due to lower
carpet density, but are nearly equivalent to the one of the reference with
acetylene. Syntheses with the (ethylene + butanol) pair were scaled-up
on larger aluminum samples paving the way to its development at the
industrial level. This work proves that dense VACNTSs can be obtained
with biobased carbon sources and low-toxicity precursors on aluminum
thereby reducing the carbon footprint of the VACNT CVD process. Other
applications can be targeted to further highlight the advantage of using
biobased precursors.
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