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ABSTRACT

Despite extensive academic and commercial development, a comprehensive understanding of the
principles necessary for high-yield production of carbon nanotubes (CNTs) is lacking, whether in
oriented films, bulk powders, or other forms. In chemical vapor deposition growth of CNT films
on substrates, trace contaminants of carbon, such as deposits on the reactor tube walls, are known
to cause inconsistency in key production metrics, including CNT density and alignment. In this
study, we show that trace exposure of the catalyst to carbon during initial heating of the catalyst
film is a critical determinant of CNT yield, and this carbon exposure accelerates catalyst
nanoparticle formation via film dewetting and increases the probability of CNT nucleation and
the resultant density of the CNT population. By controlled exposure of the catalyst to a trace
amount of carbon, we show up to a 4-fold increase in bulk mass density for a given forest height,

an 8-fold increase in local CNT number density, and a 2-fold increase in the growth lifetime,
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43  exposure on the probability of CNT nucleation from nanoparticle catalysts, supported by

44 microscopy and gas analysis.
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1. Introduction

High density vertically aligned carbon nanotubes (CNT “forests”) are useful for many
applications including thermal interface materials [1,2], electronic via interconnects [3,4],
supercapacitor electrodes [5.6], and nanoporous membranes [7,8]. While chemical vapor
deposition (CVD) has emerged as a favorable route for CNT synthesis, a comprehensive
understanding of growth processes remains incomplete [9], particularly the complex
relationships between the catalyst and support materials [10-13] and the interactions between
catalyst and carbon species that contribute to CNT nucleation [14,15]. This is attributed partly to
the large CVD process parameter space — catalyst materials, carbon feedstock, pressure,
temperature, moisture levels, and other variables all impact CNT growth [16] — and the often
empirical nature of research in the field.

Many catalyst-substrate combinations have been used for CNT growth by CVD, perhaps
most commonly a thin film of Fe catalyst on an Al,Os support layer on a Si/Si0O; substrate. Upon
reduction, the Fe film dewets and forms nanoparticles from which CNTs can nucleate in the
presence of a hydrocarbon precursor. However, the density of CNTs can be limited by:
incomplete or nonuniform dewetting of the deposited film [17,18], coarsening of the formed
catalyst nanoparticles [12,18], incomplete activation of the particles to nucleate CNTs [17,19],
and premature deactivation of particles [20-22], preventing long CNT growth. Nevertheless, the
Fe/Al,O5 system has been used to form vertically aligned CNT forests using a wide range of
CVD chemistries resulting in both single-walled and multi-walled CNTs under appropriate
conditions.

A further understanding of the factors influencing the formation of active nanoparticle
catalysts from the deposited Fe film, and their interaction with the support layer, is essential to
enable reliable and scalable growth of high-density CNT forests. The deposited Fe film readily
oxidizes upon exposure to air, and reduction of the resulting oxide film is necessary for
dewetting and subsequent CNT nucleation [17,23,24]. Using in situ X-ray diffraction, X-ray
reflectivity, and environmental transmission electron microscopy (ETEM), Wirth ez al. reported
that the active phase of the Fe catalyst for CNT growth (with an Al,O5 support) is kinetically
controlled. When the initial catalyst particle distribution is dominated by the y-Fe (FCC) phase,
CNTs grow from y-Fe or a-Fe (BCC) particles; yet, when the catalyst particles are initially a-Fe,
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was necessary for CNT growth, and that the catalytically inactive FesC, phase can form under
CNT growth conditions [26]. Furthermore, Oshima ef al. observed that without an AlLO;
support layer, a-Fe can be converted into Fe>S10, while heating, and both phases are carbonized
to act as catalyst during CNT growth; an Al,O5 support allows for Fe segregation on the surface
to act as the catalyst [27]. The ALO; support not only influences the active catalyst phase, but it
can also have a significant impact on the catalytic activity and lifetime of the particles by
mitigating loss of particles through subsurface diffusion and Ostwald ripening [10,12].

Various approaches have been taken to overcome limitations to CNT catalyst activity and
to improve forest density. For instance, pretreatment of the Fe catalyst using a direct current
C-H> plasma was shown to mitigate nanoparticle sintering, affording forest density as high as 0.4
g/em’ [28]. Among other approaches, a three-layer stack of Al;03-Fe-Al,O;5 enabled isolation of
smaller catalyst particles and gave a higher density forest than the standard two-layer film
[29.30], as did a process of cyclic catalyst deposition, annealing, and immobilization by
oxidation [31]. With Fe/Al,O; thin films, moisture has also been found to influence the apparent
catalyst activity, modulating forest density [32,33]. However, even with a prescribed catalyst
and treatment approach, and precise control of the CVD chemistry including moisture,
significant run-to-run variations in CNT forest height and density are commonly observed [16].

Of these parameters, the role of carbon present before the CNT growth stage is of
particular interest. This stems from an observation often made, anecdotally, by frequent growers
of CNTs: the consistency and yield of CNT growth using the same quartz furnace tube,
repeatedly without cleaning, increase with age of the tube. The walls of an “aged” tube are rich
with carbon deposits, which are byproducts from prior growths. Liu ef al. suggest that such
deposits can release hydrocarbon species that assist formation of catalyst particles and improve
CNT growth [34]. Also, Chen ef al. found that adding 4% CH; to the H» supply during the
annealing step helps to form small but high density catalyst particles, and achieve taller forests
[35]. A similar effect of high particle density formation was achieved by the C.H, plasma
pretreatment utilized by Zhang ez al., which deposited a 2 nm-thick carbon layer on the substrate
before CNT growth [28]. Additionally, Bedewy ef al. demonstrated via in situ ETEM
experiments that hydrocarbon exposure was required to fully reduce a Fe film and form

nanoparticles suitable for CNT growth, even after prolonged H, exposure [17]. Thus, it appears
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that the time-history of carbon exposure of the catalyst influences the rate and probability of
CNT nucleation.

Here, we show that atmospheric pressure synthesis of high-density CNT forests is
facilitated by controlled exposure of the catalyst to trace carbon species during catalyst
nanoparticle formation. We refer to this method as “carbon preloading” and show that it
significantly increases CNT forest density and ultimate height, compared to a well-controlled
reference process without the trace carbon exposure. We investigate the influence of transient
carbon species on the development of the catalyst nanoparticles, and present several hypotheses
regarding the underlying mechanisms of this effect of improved CNT forest growth by carbon

preload.

7/30



6/28/2019

116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145

https://reader.elsevier.com/reader/sd/pii/S0008622319306591 ?token=5B6D3C5E230470BC18362F13476C187571BFBCB63807 COE56F6C6714568...

Carbon-assisted catalyst pretreatment enables straightforward synthesis of high-density carbon nanotube forests | Elsevier Enhanced Re...

2. Experimental
2.1 Sample preparation and CNT synthesis

To prepare substrates for CNT growth, supported catalyst thin films are deposited by
sputtering (Labl8, Kurt Lesker) Al,O; (10nm) followed by Fe (Inm) on thermally oxidized
(100) silicon wafers. CNT forests are grown at atmospheric pressure using a hot-wall CVD
system, comprising a 17 diameter quartz tube within a single-zone furnace (Lindberg Blue Mini-
Mite) and electronic mass flow controllers (Aalborg).

Two different CVD sequences were used in this study, which we define as the
“reference” and “carbon preload” recipes (detailed in Fig. 1 and the Supplementary Material).
The details of the reference recipe have been previously presented in reference [36]: the sample
is withdrawn from the hot zone of the furnace (at 775 °C) after exposure to 400 sccm of H; to
cause catalyst dewetting, and then it is rapidly reintroduced to the hot zone after the steady
mixture of C;Hs/H>/He (100/400/100 scem) is established. However, in the reference process, it
is assumed that the Fe dewets completely during exposure to H, prior to introduction of C;Hy. In
the carbon preload approach, the tube is conditioned by flowing the mixture of C,Hs/H>/He
(100/400/100 sccm) into the furnace at 775 °C prior to the dewetting step while the sample
remains outside of the furnace hot zone, and the C>Hy flow is switched off before the sample is
inserted. The sample is therefore annealed for catalyst dewetting in H,/He only after exposing
the furnace (while empty) to a briet duration of C,H, flow, which (as discussed later) appears to
deposit a trace amount of carbon on the catalyst, and influence the dewetting and CNT
nucleation processes. The influence of the timing and duration of the carbon preload step are
discussed later. To ensure consistent conditions from run-to-run (i.e. resetting the tube to
prevent aging effects), the residual carbon coating the quartz tube is oxidized prior to each run,
by heating the tube to 875 °C with 100 scem air flow for 30 minutes.

The above-mentioned reference and preload recipes at atmospheric pressure yield few-
walled CNT forests. Further, synthesis of forests that include single-walled CNTs (SWCNTs) is
achieved in a separate hot-wall, low-pressure CVD system, and with the following variations
from the recipe as described above: (1) before initiating the recipe, the catalyst substrate is
calcinated in air at 400 °C for 20 min; (2) the atmosphere is maintained at ~400 Torr during

annealing and ~100 Torr during growth; and (3) for the growth step, 100 sccm C,;H., 800 sccm
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He, and 200 scem wet He (100 ppm H>O) are used to obtain a lower partial pressure of CoHy,
which is important to SWCNT growth.
2.2 CNT synthesis in ETEM

Transmission electron microscopy (TEM) grids with 10nm thick SizN, windows were
also deposited with 10nm of Al,O3 and 1nm of Fe. Experiments were performed in a FEI Titan
80-300 ETEM at the Center for Functional Nanomaterials at Brookhaven National Laboratory,
using the SizN, grids. Before each experiment, the ETEM was cleaned for 30 min with O,
plasma and the Gatan single-tilt heating sample holder was plasma cleaned for 10 min. Samples
were heated in 40 mTorr H, to 650 °C and annealed for 15 min before introducing 10 mTorr
C-Hs. For a growth study emulating the carbon preload effect, 0.4 mTorr C,H> was also included
in the heating and annealing steps. After growth, areas of the sample that were not exposed to
the electron beam during growth were checked to confirm there were no significant electron

beam effects.

2.3 Lffluent analysis

For analysis of the gas effluent, a stainless steel canister (Swagelok) was installed in the
outlet of the CVD furnace. Gas collection occurred only during the first 5 minutes of the
annealing step in each case and then sealed with stainless steel ball valves. Volatile organic
compounds (VOCs) were quantified by gas chromatography with a flame ionization detector
(GC-FID; SRI 8610C, HayeSep-N, 80/100 mesh, 6’x 1/8” x 0.085”, 20 psi He carrier, 50 °C for
5 min, 20 °C min™ to 160 °C, 23.5 min hold at 160 °C) calibrated with standard gas mixtures.
Gas samples (1 mL) were concentrated using a cryogenic [Nz ()] trap of ResSil-C 80/100 mesh
silica beads. Unresolved compounds were reported as combined totals of individual standards
(i.e. propane and propylene, n-butane and 1-butene, n-pentane and 1-pentene). Effluents were

not measured in the ETEM experiments.

2.4 Ex situ characterization
The mass of each CNT forest was obtained by subtracting the post-growth mass (CNTs +
substrate) from the substrate mass measured before annealing and growth, using a precision

analytical balance (Ohaus Discovery, repeatability of 0.1 mg). The CNT forest height was
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were taken using a JEOL 2100 at 200 kV. Raman spectroscopy was performed using a Horiba
LabRAM HR800 (532 nm laser). Purity of the forests (weight % CNTs and amorphous carbon)
was determined with thermogravimetric analysis using a TA Instruments Discovery TGA at 10
°C/min and the step transition analysis method with TRIOS software. X-ray photoelectron
spectroscopy (XPS) analysis was performed using a Kratos Axis Ultra XPS with Al mono
source; note that the samples were stored for approximately 1 week in Gel-Pak containers after
annealing yet before XPS. Atomic force microscopy (AFM) imaging was performed using a
Bruker Dimension Icon in tapping mode and the scan was performed over a 500 x 500 nm square
region. Small-angle X-ray scattering (SAXS) characterization was performed at the 12-ID-B
beamline at the Argonne National Lab Advanced Photon Source, and the local density at each
point in the forest height was obtained using analysis techniques summarized in the

Supplementary Material and explained in further detail in reference [37].
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. A ‘.-" g 5 : ‘!

Ste Time He H2 |C2H4 He-H;O Temp [°C]
@ = /> Gas flow P | min] |[scem] |[scem] |[scem] | [scem] Pl
15 1000 0 0 0 25
10 100 400 0 0 heat to 775
1
3 100 400 100 0 775
7 100 400 0 0 775
2 10 100 400 0 0 775
2 100 400 0 0 775
3 16 486 100 0 14 775
7 386 100 100 14 775
3 386 100 100 14 775
4
7 400 100 100 0 775
5 400 100 100 0 cool to 25
5
5 1000 0 0 0 25

Figure 1. CNT growth procedure with “carbon preload”. (a) Photo of custom CVD reactor that allows
for rapid insertion and removal of a quartz boat (inset) carrying the substrate into the furnace. (b)
Schematic sequence of process steps (1-5) for CNT forest synthesis according to the carbon preload
recipe, which has sequential gas compositions for each step as noted in the accompanying table; note the
carbon preload step is shaded in pink. The transfer arm moves inward from left to right. Red and gray
colors on the furnace indicate the furnace is turned on and off, respectively. Further details are in the

Supplementary Material.
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197 3. Results and discussion

198 3.1 Influence of carbon preload on forest height and density

199 First, we assess the height and density of CNT forests (Fig. 2), comparing the reference
200  CVD recipe and the carbon preload recipe. The forest height increases approximately linearly
201 with time for the first 10 minutes and is the same for both recipes; however, after 10 minutes the
202 reference recipe stalls (at approximately 1 mm height) but the carbon preload recipe continues
203  and eventually saturates at ~2.3 mm height after 25 minutes. Therefore, from this time series
204  comparison it appears that the carbon preload treatment prolongs the lifetime of the catalyst
205  particle population, allowing the forest to reach a much greater height before self-termination

206  due to density decay.

207
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209  Figure 2. CNT height and density grown by reference and carbon preload recipes. SEM images of
210  the side-wall of a forest grown by (a) reference and (b) preload recipes. (¢) Forest heights grown by these
211  two recipes at different growth times. (d) Average forest density, calculated by measured forest height
212 and mass. (e) Local mass and (f) number density obtained by SAXS for forests grown by the reference
213 recipe for 20 minutes (gray) and 5 minutes (black). and by the carbon preload recipe for 5 minutes (red).
214 Exponential fits of mass density p vs. position z along the forest height show the nature of local density
215  decay during growth. Note that the peak density was selected as the starting point for the plots, ignoring
216  the measured initial rise in density that might be due to inconsistencies in the height through the thickness
217  of the forest. Because of this and the local nature of the SAXS measurements, the overall forest heights

https://reader.elsevier.com/reader/sd/pii/S0008622319306591 ?token=5B6D3C5E230470BC18362F13476C187571BFBCB63807COE56F6C671456... 12/30
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Indeed, CNT forests from both recipes exhibit a density decay with time (i.e., average
mass density decreases), yet the carbon preload results in a much greater mass density (Fig. 2d).
The average density of CNT forests produced by the carbon preload recipe is always greater than
that for reference samples grown for the same time, e.g. 70 * 12 ug/mm° and 17 + 10 pg/mm’ for
carbon preload and reference conditions, respectively, for a 3 min growth time. The disparity in
density is especially evident for shorter growth times; for instance, the average density of the
preload samples is greater than the reference samples by ~4-fold at t = 3 minutes, and ~3-fold at t
= 10 minutes (35 £ 3 pg/mm’ and 13 # 3 pg/mm’). Via thermogravimetric analysis (TGA) the
forests grown with the carbon preload recipe also have slightly higher purity than the reference
recipe: 78% CNT and 20.3% amorphous carbon vs. 74.2% CNT and 22.3% amorphous carbon
by weight, respectively (Fig. S1). This proves that the measured mass density increase is not due
to a byproduct of the carbon preload, and indeed represents an increase in the density of CNTs.

Small-angle X-ray scattering was used to profile (at 20 pm increments) the time-varying
mass density of the CNT forests [37], comparing samples grown for 5 minutes by each recipe
(Fig 2e). The top of the forest represents the earliest CNTs, and the base of the forest represents
the latest CNTs. This profiling shows that the peak mass density of the forest can be much
greater (>10-fold) when using carbon preload, though an exponential decay fit to the data
indicates a more rapid density decay for the carbon preload compared to the reference sample
(decay rate of 0.0024 vs. 0.0016 pg/mm’ per pm). Thus, the improvement in mass density of a
carbon preload forest prevails up to a limit of exceedingly tall forests.

While SAXS measurements suggest a population of slightly larger diameter CNTs for
carbon preload forests (Fig. S2), the number density of CNTs is also significantly greater with
carbon preload; peak densities are 2.9x10'® vs. 3.6x10° CNTs/em®, with vs. without carbon
preload, respectively (Fig. 2f). This is direct evidence that the carbon preload increases the
number of catalyst particles that yield CNTs.

A plot of bulk mass density vs. forest height (Fig. 3) indicates an inherent trade-off
between forest height / (i.e., growth time) and achievable mass density p, approximated at its
upper limit with a power law relationship (p oc h=1/2). This data emphasizes that density decay
is universal in CNT forest growth, and, comparing our work to reported data from literature, the

preload approach gives density values nearly identical to the highest values from prior studies
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These alternative approaches include pretreatment of the catalyst using a DC plasma containing
C,H, [28], utilizing a multi-layer catalyst of thin-Al,Os/Fe/thick-ALL,O; [29,30], deposition of
Al,O5 and Fe catalyst from metal complex solutions using dip-coating [38], a controlled slow
Increase in temperature and precursor supply during growth [39], and precise control of moisture
during growth [40-44]. Therefore, the carbon preload approach, which requires no changes to
the catalyst materials or substrate preparation, achieves CNT densities that match an apparent
maximum observed across the field. This potentially points to a more general (and, previously
unexplored) role of trace carbon exposure in mediating catalyst activity for CNT growth, which

is addressed in the further experimentation and discussion below.
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Figure 3. Trade-off between forest height and mass density. CNT forest height vs. mass density from
this work and state-of-the-art values reported in literature. The numbers refer to the reference from which
the values were obtained. A power law fif to the literature values indicate an upper-bound.

3.2 Influence of carbon preload on the catalyst dewetting and particle morphology

In order to assess the influence of the carbon preload on the development of the catalyst,
which can certainly influence the viability of the particle population for subsequent CNT
nucleation, we characterized substrates that were rapidly withdrawn from the reactor during the
annealing stage (i.e., after expected dewetting and particle formation, yet before CNT growth).
Via AFM image analysis (Fig. S3), we find that the preload-treated substrates have a 19%
greater number density of catalyst particles than the reference annealed substrates (3.6 x10"! per
cm” and 3.0x10" per em?, respectively). Previous work by Chen ef al. [35] also concluded that
annealing of Fe films in a carbon-containing atmosphere (CH,) resulted in a greater catalyst

particle density compared to a control atmosphere high-purity H-.
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Raman analysis of the annealed catalyst samples (Fig. S4) show no peaks in the range of
1100 to 3500 cm™ for the reference sample, but the presence of G, D, and 2D peaks for the
preload sample indicates that the carbon preload causes a mixture of sp® and sp’ carbon deposits
to form on the catalyst substrate. XPS core scans of Fe 2p (Fig. S5a) suggest the presence of
iron oxide for both the reference and carbon preload annealed substrates, likely caused by
prolonged exposure to atmosphere after completion of the annealing experiments. A core scan
of Cls from both substrates (Fig. S5b,c) shows there was significant atmospheric contamination,
as indicated by the presence of O-C=0 peaks ~289 eV and C-O-C peaks ~286 eV. After 20
seconds of Ar plasma cleaning, only a weak signal of residual carbon-carbon bond remains on
the reference annealed substrate (Fig. S5d), whereas the carbon preload annealed substrate (Fig.
SSe) still shows the existence of graphitic carbon from a peak at 285.1 eV with a shoulder
towards higher binding energy levels, thereby suggesting carbon incorporation in the catalyst
during the preload annealing experiment.

To more directly observe the difference between the annealed catalyst particles created
under reference and preload conditions (Fig. 4), additional control samples after annealing only
were processed using SisNy TEM grids as the substrates. Subsequent TEM imaging of these
substrates showed that the catalyst particles density is greater in the preload case (2.63x10"" per
em?, versus 1.16x10"" per em?), and the particles are much more clearly defined. This suggests
that annealing in a hydrogen-containing atmosphere without added carbon results in a much
slower rate of catalyst reduction, and therefore incomplete dewetting. The lower relative density
of particles measured by AFM compared to TEM can be attributed to the difficulty of accurate
particle counting from images, and substrate effects on the reduction and dewetting methods
(Si3Ny4 vs. Si10-, in spite of the identical alumina underlayer). Nonetheless, the increased particle
density under the preload annealing conditions is insufficient to account for the relatively greater
increase of initial CNT density (~30-fold), suggesting that the preload treatment also favorably
influences the probability of CNT nucleation from the available population of well-formed
catalyst nanoparticles. The preload-treated catalysts are coated with graphitic layers, and, in
some cases, short CNTs. Additionally, histograms of particle size (Fig. 4c,f) taken for TEM
images of equal area shows that the particle size distribution on the preload sample is biased

toward smaller diameters, indicating that carbon exposure also influences the dewetting
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305
306  Figure 4. Catalyst nanoparticle comparison in TEM. TEM images of catalyst particles after annealing

307  in a hot-wall CVD reactor with (a.b) reference recipe and (d.e) carbon preload recipe. Graphitic layers
308  and, on some particles, very short CNTs are observed on preload-annealed catalysts. (c.f) Particle density
309  distribution from analysis of images (a) and (d), respectively: each image has area 543 x 543 nm. Note
310  the different scales for frequency in (c) and (f).

311

312 We further substantiate these observations with in sift ETEM experimentation. In a prior
313 study using ETEM we found that the formation of nanoparticles from a Fe thin film on ALO; at
314  low pressure was difficult to induce even with long annealing times in H,, and full dewetting and
315  reduction of the Fe required exposure to the hydrocarbon precursor (C,H,) [17]. Here, ETEM
316  was used to qualitatively observe the influence of trace carbon species on the catalyst, and the
317  possibility to increase CNT density by carbon pre-conditioning. To controllably study this
318  effect, we cleaned the ETEM chamber with 30 minutes of O, plasma exposure before performing
319  areference growth experiment on a catalyst-coated SizsN; TEM grid (650 °C; 15 min annealing in
320 40 mTorr H,, adding 10 mTorr of CoH; for CNT growth). Although these conditions resulted in
321  clear dewetting of the catalyst, very few CNTs nucleated upon introduction of the carbon
322 precursor (Fig. Sa). By introducing 0.4 mTorr C;H, along with the H, during the heating and
323  annealing step (i.e. before increasing the C,H, pressure for the CNT growth step), high-density
324  CNT growth was achieved (Fig. Sb). While there are important differences between this system
325  and the atmospheric pressure CVD reactor used in the bulk of this study-including the pressure
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CNTs in the clean ETEM chamber, yet mimicking a carbon-coated chamber gives controllably

high-density CNT nucleation.

Figure 5. Preload-assisted CNT growth in environmental TEM. ETEM images taken after identical
CVD growth processes in a clean ETEM chamber at 650 °C using (a) a reference recipe and (b) a carbon
preload technique. The reference condition has few CNTs, while the preload condition has many CNTs
along with a higher density of catalyst particles, indicating the need for carbon during
dewetting/annealing to achieve high-density CNT growth.

3.3 Tracing carbon through the process sequence

The method of carbon preload treatment—exposing the furnace tube to a hydrocarbon
flow prior to introduction of the substrate—provides an indirect means to treat the catalyst with a
small amount of carbon during the dewetting step of the CNT synthesis process. The duration of
tube exposure to the hydrocarbon flow was varied in a series of experiments, and the influence of
this duration, which may determine the intensity of carbon exposure communicated via the
resultant carbon deposits on the reactor, was assessed (Fig. 6). Interestingly, we found that
exposing the furnace tube to the hydrocarbon for at least 18 seconds was sufficient to result in
the significantly greater CNT forest density discussed earlier, yet increasing the tube exposure
time to as long as 1800 seconds (30 minutes) resulted in no further CNT density increase. The
CNT forest height (here, for 10 minutes CNT growth time) was not changed by the preload
duration (or absence thereof), supporting the conclusions of Figure 2. Thus, it appears not only
that a trace carbon exposure mediated by the tube wall is sufficient to alter the catalyst dewetting
and CNT nucleation behavior, but also that the tube wall can be quickly altered into the preload
condition. In our system, the lower exposure time limit for an effective carbon preload is likely

influenced by the transience in response of the electronic mass flow controllers and resulting
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Figure 6. Preload-enhanced CNT forest density is invariant with duration of tube conditioning beyond
~10 seconds, yet CNT forest height is invariant with presence and duration of conditioning.

We now aim to trace the carbon species from its introduction into the tube furnace as
C,H, during the preload step to its role in catalyst nanoparticle development. For this, clean
quartz substrates were placed in the furnace tube and taken through the preload-annealing
sequence, using a 3 minute preload. Afterwards, the samples contained dark deposits as seen
with an optical microscope; Raman characterization indicates they are graphitic in nature,
according to the presence of the characteristic D and G and G’ peaks (Fig. S6). Thus, we
conclude that the carbon species originating as C,H, is partly transformed into graphitic deposits
on the tube, and these deposits form without the presence of the catalyst substrate in the tube.

Next, we sought to determine how the sequence of carbon exposure affected the ability of
the carbon to migrate to the catalyst and enhance its activity. We first carbon preloaded just the
quartz tube and not the substrate. The preload CVD sequence through the annealing step was
performed with an initially clean, empty quartz tube. After cooling, a catalyst substrate was
inserted, and the same tube was used to perform a growth with the reference CVD recipe with a
catalyst substrate present. In this “modified preload 1” experiment, we found the preload effect
of enhanced CNT density is nullified (Fig. 7). In other words, the carbon species that enhance
catalyst activity do not linger on the tube after cooling, purging, and reheating the tube. A
similarly low density is found when the system is pumped and purged between the preload and
anneal step of the growth (“modified preload 2”), further confirming the transience of the active

carbon species on the tube, and also indicating that these species do not migrate to the substrate
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into the furnace during the annealing step, carbon species migrate from the tube walls to the
catalyst and cause lasting alterations to the catalyst; subsequently cooling down and exposing the
catalyst to the atmosphere before resuming the growth (“modified preload 3”) still results in a

high-density forest.

—e— Standard preload

100 —&— Modified preload 1
b —&— Modified preload 2
Ny —#— Modified preload 3

Local mass density [pg/mm3]
o

0 200 400 600 800 1000 1200
Distance from top of forest [um]

Figure 7. Limiting cases of carbon preload conditioning of tube reactor, showing that the effect of
preloading the reactor tube is removed by running the system through a full CVD cycle (modified 1), and
that the substrate must be in the hot zone of the furnace to receive the preload effect (modified 2).
Annealing the substrate under the preload condition, and then placing the substrate into the reactor for
growth after evacuating the tube (modified 3) still resulted in a high CNT density, showing that the
carbon exposure during annealing is essential.

Collection of the reactor effluent (see Experimental section) during the annealing step—
both with and without the preload applied—gives insight as to the carbon-containing species that
are transferred from the conditioned tube wall to the substrate. Figure 8 shows the detected
amounts of selected short-chain gaseous hydrocarbon species in the effluent. Ethylene is
detected in both cases, though in greater amounts for the preload, indicating possible residual
ethylene in our CVD system. Backstreaming of the vacuum pump oil may also be a source of
the ethylene (from pyrolysis of the oil) and the pentane and pentene, as observed in other CVD
studies [45]. Critically, there is a measurable quantity of diverse VOCs, acetylene in particular,
in the effluent only for the carbon preload case. Thus, the ethylene supplied during the preload
step is forming solids (e.g. graphite and soot) or oily compounds (e.g. polycyclic aromatic
hydrocarbons) that deposit on the tube walls, which subsequently thermally decompose into
VOCs under the annealing conditions, when ethylene is no longer being supplied but the catalyst

1s present inside the furnace. This analvsis indicates that carbon preload in the form of ethvlene
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enriches the availability of more active carbon species and possibly activates the catalyst before

the dedicated CNT growth step commences.
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Figure 8. Carbon species in the effluent. Concentration of select carbon species found to be in the
effluent from the CVD system during the annealing step, comparing the reference and carbon preload
recipes. The absence of data points for many species in the reference condition indicates that the
concentration of those species was below the detection limit (~0.5 - 2 ppm, depending on the compound).
The compounds reported as combinations were unable to be distinguished and thus the combined values
are approximate.

3.4 Carbon preload mechanism

The efficacy of the carbon preload—a means of establishing a well-defined population of
active catalyst particles for high-density CNT forest growth—is consistent with prior work which
highlights the practical difficulty of reducing iron catalyst films by exposure to H> only. Via
ETEM, we previously observed that the nominally oxidized Fe catalyst film on Al,Oz does not
fully reduce and dewet. This prevails even upon long exposures to H, at high temperatures (750
°C), until a carbon species is introduced, which in turn causes catalyst particles to rapidly form
[17]. Additionally, Hofmann et al. found via XPS that a stronger reducing agent such as NH;
was needed to facilitate complete reduction of Fe [24]; however, using a reducing agent other
than pure hydrogen or a hydrocarbon can complicate the catalyst phase dynamics and lead to the
creation of non-active catalyst particles (e.g. iron nitride when treated with NHs). Note that these
aforementioned ETEM and XPS studies were conducted at low pressure. Other techniques to
promote rapid reduction of the catalyst in CVD reactors include using atomic hydrogen
(produced by a hot filament) [46,47] and hydrazine vapor [48] as the reducing agent. In
addition, via systematic studies of alterations to the preload process, we have shown that the
carbon species then migrates from the tube walls to the catalyst substrate when it is in the

furnace during the annealing step. Characterization of the effluent indicates that the preload
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Nevertheless, the mechanism by which carbon-loaded catalyst particles result in
significantly greater CNT nucleation density requires further investigation. In a companion to
the present study, Carpena-Nufiez ef al. [50] showed via atmospheric pressure XPS that the CNT
nucleation probability increases with the amount of metallic Fe present on the substrate, and that
the presence of carbon in the reactor (accumulated due to sequential experimentation) further
promotes the reduction of Fe oxide (Fez+) to metallic Fe (FeO).

One possible mechanism of enhanced reduction due to the presence of carbon species is
carbothermal reduction. Carbon can reduce iron oxide at temperatures above ~700 °C, as
indicated by Ellingham diagrams, and carbothermal reduction is commonly used in metallurgy
tor producing pure metals [51]. An in sifu X-ray diffraction study found that, in the absence of
H, or another reducing agent, C,H, was able to reduce the FeO catalyst at 700 °C, suggesting
carbothermal reduction [52]. The carbon species introduced here by the carbon preload approach
might thus be contributing to more efficient reduction of Fe oxide to Fe when we rapidly insert
the substrate into the conditioned tube. Thus, reduction and subsequent dewetting are
accelerated, leading to the greater particle availability for CNT nucleation, which we observed
via ex situ AFM and TEM herein.

Moreover, we may expect that reduction and dewetting of the catalyst are further
enhanced at higher temperatures, and carbon decomposition on the catalyst can be exothermic
[53]. However, as the carbon preload does not significantly blacken the surface of the quartz
tube, there is no increase in radiative heating of the substrate. Further, in the ETEM validation
experiments only the substrate is heated, decoupling any thermal proximity effects of the reactor
wall. In fact, the ability of the carbon preconditioning to enhance catalyst reduction and
dewetting without requiring higher temperatures is advantageous because further heating
increases the rate of Ostwald ripening and subsurface diffusion of the catalyst, which can lead to
non-uniformity of particle sizes and loss of nucleation sites for CNTs.

Notably, the enhancement of the initial CNT population density (i.e., at the top of the
torest) is disproportionately greater than the increase in the density of well-formed catalyst
particles after annealing. This suggests that carbon exposure increases the probability of CNT
nucleation from a Fe catalyst particle, which might be an effect of altered phase dynamics of the

catalyst due to the presence of carbon species. Wirth ef al. suggested that residual carbon
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from «-Fe; this promotes the predominance of metallic Fe as the catalytically active phase, as
opposed to the emergence of Fe;C as an additional catalytically active phase that forms from
predominantly a-Fe nanoparticle distributions [25]. Furthermore, Mazzuco ef al. showed that a-
Fe can be converted to Fe;C and nucleate CNTs in the presence of C,H,, yet that same Fe;C can
transform into the catalytically inactive FesC, phase to terminate CNT growth [26]. Carbon
preload might be extending the average lifetime of the catalyst nanoparticles by promoting
formation of a metallic Fe phase, which does not allow for this pathway to catalyst deactivation.
However, the influence of carbon species on the catalyst phase and the influence of the phase on
CNT nucleation efficiency are subjects of further investigation, e.g. with in situ ETEM
experimentation that is ongoing.

Also, we note that the carbon preload appears to cause graphitic encapsulation of many of
the catalyst particles (Fig. 4), albeit by ex sitfu TEM observation of the catalyst after cooling and
exposure to ambient. The presence of these graphitic layers suggests that, relative to the particle
size, a significant amount of carbon accumulates on and/or within the catalyst due to the preload
alone. This might be influencing the initial stage of CNT growth, either by enabling more facile
nucleation of a CNT via presence of a solid carbon deposit on the catalyst, and/or by
transforming the Fe to a more active phase. The observed graphitic layers that torm during the
annealing step because of the carbon preload might also be pinning the catalyst nanoparticles,
preventing loss of CNT nucleation sites by subsurface diffusion or Ostwald ripening of the
catalyst nanoparticles prior to growth. This is in contrast to the reference case, in which
reduction and dewetting are incomplete when the hydrocarbon precursor is introduced, so that
there are competing kinetics in the concurrent dynamic processes of particle formation,
hydrocarbon dissociation, graphitic species formation, and CNT nucleation and growth. While
this work cannot fully isolate or confirm these proposed mechanisms, ongoing work focuses on
ETEM observation of catalyst phase dynamics in the presence or absence of transient carbon
species during heating and annealing, which will certainly provide further insights.

Last, we show that the carbon preload method for enhancing CNT forest growth is
applicable to different CVD systems by applying the technique at low pressures to grow forests
containing single-wall CNTs. Synthesis of SWCNTs is performed in a separate hot-wall, low-

pressure CVD system with slight modifications to the reference and carbon preload recipes (see
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carbon preload method is 80.2 pm, while that made by the reference method is 26.1 pm.
Moreover, Raman spectra (Figure 9) show that SWCNTs grown using carbon preload have
much higher crystallinity and lower defect level than those grown with the reference recipe;
spectra of the middle of the forest sidewall have G/D ratios of 8.6 and 4.5 for carbon preload and
reference samples, respectively. The higher yield and crystallinity indicate that the carbon
preload method enables more efficient conversion of the supplied carbon source into the
graphitic structure of the CNTs. The prominence of radial-breathing mode (RBM) peaks at
higher frequencies demonstrates that the preload also reduces the average SWCNT diameter
[54]. Thus, carbon preload can improve the growth of both SWCNTs and MWCNTSs under
different CVD conditions.

Reference
d —— Carbon preload '
J\

/ L
‘«ﬁ\,ﬁz\ﬂ - ___,.//(\\
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Figure 9. Preload-assisted low-pressure growth of SWCNTs. Growth of a forest contammg SWCNTs
is achieved in a different CVD system at low pressure. SWCNTs grown by carbon preload are less
defective, as indicated by (a) Raman spectra at three different points of each forest, normalized by the G
peak height (note the scale is different between the 100-400 cm™ and the 1250-1700 cm™ ranges), and by
exemplary TEM images of CNTs grown at low pressure with (b) the reference recipe and (c) carbon
preload. SEM images of sidewall of a forest grown at low pressure using carbon preload, at (d) the top,
(e) the middle, and (f) the bottom.
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4. Conclusion

We have shown that controlled exposure of Fe thin films to trace amounts of carbon
during the catalyst dewetting step of a standard CVD process for CNT growth results in
significantly enhanced CNT density in the resulting vertically aligned forest. The carbon species
were found to adhere to the quartz tube within the furnace and migrate to the catalyst during
annealing; these active carbon species (e.g. C:H,) are transient within the tube, but cause lasting
changes (i.e. enhanced particle formation and graphitic encapsulation) when exposed to the
catalyst. However, the enhanced particle density due to preload does not fully account for the
increase in CNT density. We propose that the carbon species aids in reduction of the native Fe
oxide catalyst beyond the extent that is possible with just H», and this allows for a compound
enhancement in CNT nucleation efficiency upon induced hydrocarbon exposure. Further work is
necessary to provide mechanistic insight on the catalyst phase dynamics and resulting CNT
nucleation efficiency, and to investigate the ability to utilize other forms ot carbon for preloading
(e.g. a solid carbon layer on the catalyst), but the present study realizes a robust experimental
approach to repeatably enhance catalyst development for high-density and long lifetime CNT

tforest growth.
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