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ABSTRACT

Limited understanding of the factors influencing the yield of carbon nanotubes (CNTSs) relative to the number of
catalyst particles remains an important barrier to their large-scale production with high quality, and to tailoring
CNT properties for applications. This lack of understanding is evident in the frequent use of Edisonian approaches
to give high-yield CNT growth, and in the sometimes-confusing influence of trace residues on the reactor walls.
In order to create conditions wherein CNT yield is reproducible and to enable large-scale and reliable CNT
synthesis, it is imperative to understand —fundamentally— how these common practices impact catalytic activity
and thus CNT number density. Herein, we use ambient pressure-X-ray photoelectron spectroscopy (AP-XPS) to
reveal the influence of carbon and hydrogen on the coupling between catalyst reduction and CNT nucleation,
from an iron catalyst film. We observe a positive correlation between the degree of catalyst reduction and the
density of vertically aligned CNTs (forests), verifying that effective catalyst reduction is critical to CNT
nucleation and to the resulting CNT growth yield. We demonstrate that the extent of catalyst reduction is the
reason for low CNT number density and for lack of self-organization, lift-off, and growth of CNT forests. We
also show that hydrocarbon by-products from consecutive growths can facilitate catalyst reduction and increase
CNT number density significantly. These findings suggest that common practices used in the field —such as
reactor preconditioning— aid in the reduction of the catalyst population, thus improving CNT number density and
enabling the growth of dense forests. Our results also motivate future work using AP-XPS and complementary

metrology tools to optimize CNT growth conditions according to the catalyst chemical state.

KEYWORDS: carbon nanotubes, nucleation success rate, CNT number density, iron oxide, ambient pressure
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Carbon nanotubes (CNTs) possess physical and chemical properties which make them attractive —in various
configurations— for use as biological and molecular sensors, energy storage and composite materials, and
electrical wires, among other applications.*"*° The widespread deployment of CNTs, however, still remains
hindered by the inability to reproducibly grow high quality CNTs in bulk quantities with selective physical
properties (i.e. growth of conducting or semiconducting single-wall CNTs with single chirality). In addition,
catalyst nucleation success rate in bulk growth —such as the floating catalyst approach— is very low, greatly
limiting scale up and increasing the cost of CNTs. Poor and unpredictable growth behaviors emphasize the need
for generalities to predict nucleation success rate. In order to increase CNT number density, it is imperative to
understand why some catalysts grow tubes and others do not. This is not a trivial task considering the small time

scales associated with CNT nucleation and growth, and the large parameter space.

Over the last decade, many studies have established in situ experimental platforms to be used as diagnostic
tools during CNT growth.*30 Environmental transmission electron microscopy (ETEM) and in situ Raman
spectroscopy have provided crucial mechanistic knowledge regarding catalyst evolution (Ostwald ripening and
coalescence), catalyst-support interactions, step flow and cap formation, growth yield, and catalyst lifetime.2%-2
26 Meanwhile, in situ glancing incidence small angle X-ray scattering (GISAXS) has elucidated attributes that
influence CNT forest growth, such as catalyst particle size, CNT diameter distribution, and CNT alignment.t1-2
2529 Ambient pressure-X-ray photoelectron spectroscopy (AP-XPS), on the other hand, has been used under
practical growth conditions to reveal the chemical state of the catalyst during annealing, and to monitor the
evolution of carbon at the onset of growth.118 3! Contradictory findings obtained using this technique, however,
stress how the active chemical state of the catalyst remains in debate. For instance, de los Arcos et al. claimed
that a more oxidized Fe film led to an increase in CNT growth yield,*? and that catalyst chemical state —the
determining factor for growth- is not influenced by the catalyst support chemistry. Meanwhile, Hoffman et al.

reported fully reduced iron as the active catalytic state'* 6 and demonstrated that the interaction strength between



the catalyst and support determines the extent of reduction of the catalyst film. They also showed that a catalysts
supported on silica, SiOz, can grow poorly despite being fully reduced due to other influential factors, such as
Ostwald ripening.* 18 31-35 The fact that iron catalysts generally result in a higher CNT growth yield when
supported on alumina (Al2O3) as a result of the strong catalyst-support interaction, which in turn promotes the
coexistence of the reduced and oxide phase,’® raises the question as to whether a partially oxidized catalyst
population is needed. Poor CNT vyields from fully reduced catalysts (which lead to sparse, non-aligned CNT
growth on substrates or low productivity in a floating catalyst approach) emphasize the importance of
understanding how the catalyst chemical state affects nucleation success rate. Common practices used to improve
growth yield, which may involve using oxidizing agents (i.e. oxygen or water) and conducting reactor or catalyst
preconditioning procedures (i.e. carbonization or ‘“dummy’ growths), suggest that other attributes complementary

to the traditional reducing agent (i.e. hydrogen) influence nucleation success rate.

In this study, we show that catalyst reduction is indeed the determining factor of nucleation success rate from
iron nanoparticles and hence of CNT number density. Using AP-XPS to probe the transformation of iron
nanoparticles supported on Al2Os, we show how the chemical state of the particle ensemble can determine the
growth outcome. We unequivocally demonstrate the importance of achieving a global catalyst reduction for
increased growth yield, and show that the partial or minimal reduction of the catalyst film is responsible for poor
growth yields. We also examine how reactor preconditioning or sequential experimentation can improve growth
by providing hydrocarbon species which reduce the catalyst film more efficiently than hydrogen. We propose that
—despite the catalyst type, support type, or experimental conditions involved— nucleation success rate is dictated
by catalyst reduction; the choice of catalyst, support, and experimental parameters provides a mixture of

conditions that influence the onset and kinetics of reduction and counteract catalyst evolution.



RESULTS AND DISCUSSION

Experimental Procedure. The AP-XPS setup (Figure S1) at the National Synchrotron Light Source 11 (NSLS
11, 23-1D-2 beamline) was used to grow high-density, vertically aligned arrays (forests) of predominantly single-
and double-wall CNTs (Figure 1). Forests were grown in the AP-XPS using standard CVD recipes, with mixtures
of oxygen, hydrogen, water vapor, and a hydrocarbon, and catalyst-coated substrates which were mounted onto a
heating element. A 1nm iron (Fe) catalyst film was deposited on top of a catalyst support, either by in situ or ex
situ deposition. The catalyst support consisted of a silicon wafer substrate containing a 10nm layer of Al>O3

deposited by ALD over a 2-3 nm layer of native silicon dioxide.

In a typical experiment the substrate was introduced to the AP-XPS chamber and heated in 100mTorr of oxygen
(O2) at a temperature of 400°C for 20 min. Oxygen annealing was done to remove excess carbon contaminants
(adventitious carbon) on the surface of ex situ deposited catalyst films. After oxygen annealing, the chamber was
evacuated and the sample cooled down to room temperature. The catalyst film was then exposed to reducing
conditions, followed by the CNT growth conditions. Catalyst reduction and particle formation was performed by
exposing the catalyst films to 40mTorr of hydrogen (H2) and increasing the temperature to 750°C, at which point
10mTorr of acetylene (C2H) was introduced in the growth chamber and held for 10 min. Water vapor was used
in some experiments to enhance growth; it was introduced in the AP-XPS chamber prior to the hydrogen reduction
step. Figures 1 and S2 show a schematic representation of the experimental procedure. XPS collection took place
throughout the oxidation, reduction, and growth stages of the experiment, as shown in Figure 1g. The collected
spectra (Figure 1g) are discussed later. See the methods section for a more detailed description of sample

preparation and experimental procedures.
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Figure 1. Experimental procedure and exemplary data collected along each stage of the experiment. (a-d)
Schematic representation of the reduction of iron catalyst films and particle formation. (e-f) Schematic
representation of CNT growth on the population of reduced catalyst particles. (g) AP-XPS spectra for the Fe 2p
and C 1s core level spectra at multiple stages of the experiment described in the schematic. The reduction onsets
1 and 2 mark the conversion of the oxide film to a more reduced state, as indicated by the chemical states in the

Fe 2p core level spectra (Fe*, Fe?*, and FeY).

In order to elucidate the key factors influencing nucleation success rate of catalyst nanoparticles, we studied
five samples (labeled i-v) with experimental conditions summarized in Table 1. Exemplary data collected from
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sample i are shown in Figure 1g. The set included four samples with ex situ deposited catalyst (samples i-iv),
which were exposed to water vapor, hydrogen, and hydrocarbon, and one sample with in situ deposited catalyst,
which was exposed only to the hydrocarbon (sample v). Samples ii-iv were grown in succession using increasing
amount of water vapor (referred to as 1st Run in Table 1); these exhibited a progressive buildup of hydrocarbon
by-products, which we refer to as carbon contaminants. The hydrocarbon by-products deposited on the surface of
the samples when water reacted with gaseous carbon in the chamber to form solid carbon. Samples v and i were
processed consecutively during a second set of experiments using a clean reactor (referred to as 2nd Run in Table
1); therefore, these were not exposed to any oxidants (i.e. oxygen or water) prior to reduction and growth. These
two samples exhibited relatively clean surfaces, with minimal hydrocarbon by-products present as will be
discussed later. Note that samples i and iv were exposed to equivalent reduction and growth conditions, but that
sample i had a clean surface while sample iv had a highly contaminated surface due to the processing history of
the chamber and heating element since cleaning. The surface cleanliness, along with the water vapor pressures
used in each run and other growth conditions, are listed in Tables 1 and S1. Although the base pressure of water
vapor was deliberately varied from 10 to 10 Torr, we observed that this difference had a small impact on growth
(see samples i and iv which were grown using equivalent water vapor pressures) and found that carbon
contaminants play a more influential role in reducing the catalyst in a highly oxidizing environment. Hence, the
roles of water vapor —an oxidizing agent commonly used to keep the catalyst clean and counteract Ostwald
ripening=> 3¢ and of oxygen —an oxidizing agent which can either counteract or enhance Ostwald ripening
depending on growth conditions—"-3 are not addressed in this study. Instead, we focus mainly on the role of
carbon contaminants and assess the relevance of these gases during growth in terms of aiding and quenching of

reduction of the catalyst.

Table 1. Sample condition summary.

2" Run 1%t Run, congecutive scans 2" Run
Sample i Sample ii Sample iii Sample iv Sample v

Catalyst Deposition < Ex situ > In situ




Surface Cleanliness Clean Lightly preloaded Mildly preloaded Highly preloaded Clean

Pre-growth anneal in O2 v v v
Water level 107 Torr 10° Torr 10 Torr 107 Torr 10° Torr
Anneal in Hz v 4 v v

A Equivalent reducing and growth conditions in samples i & iv _

For the samples listed in Table 1, we observed a fluctuation in the nucleation success rate, evidenced by the
CNT packing density in scanning electron microscopy (SEM) images of the grown forests (Figure 2a-j).
Although the samples were not synthesized in chronological order, for clarity we labeled them in order of apparent
forest growth quality (determined by visual inspection of the forest density and CNT alignment) and catalyst
chemical state (determined from AP-XPS data). CNT growth, conducted using Al>Os-supported iron films and
standard CVD growth conditions, led to both poor growth (low density, non-aligned, spaghetti-like networks of
CNT bundles) and good growth (high-density, vertically-aligned CNT forests). The difference in growth density
is —as we discuss later— a direct result of nucleation success rate, which is determined by the catalyst chemical

state.

CNT Density and Alignment Dependence on Fe’/Fe?*Ratio. We found a positive correlation between the
degree of reduction of the catalyst film (Figure 2k-0) and the CNT alignment within the forests (Figure 3). The
CNT alignment and apparent density obtained from SEM micrographs (Figure 2f-j, explained further below)
suggest that the number density of CNTs increases with the amount of the catalyst film that is fully reduced, and
that the degree of reduction influences the number density of CNT-bearing catalysts.3? This degree of reduction
was determined for each sample by fitting the corresponding AP-XPS spectrum to obtain the ratio between the
zero-valent (Fe%) and the divalent (Fe?*) states in the Fe 2ps/. core level peaks, centered at 706.8 eV and 709.8
eV, respectively. Each spectrum was fit at the onset of nucleation, just before the introduction of the hydrocarbon
precursor, using asymmetric and symmetric line shapes (for main peaks and shake-up peaks) and Shirley

background subtraction (see Methods for details) as reported elsewhere. 34
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Figure 2. CNT density and alignment are correlated to degree of catalyst reduction. (a-e) SEM micrographs of
CNTs grown in the AP-XPS system show the influence of processing parameters on forest alignment and density.
(f-]) Corresponding high-magnification micrographs of the areas highlighted by dotted red squares in (a-€). Insets
in the bottom panels of (f-j) show the Fast Fourier Transforms and calculated Herman Orientation Factors (HOF)
for each SEM micrograph. (k-0) Fe 2p AP-XPS spectra corresponding to panels a-e, respectively. The Fe?* and
Fe? chemical states are identified in each sample. The asterisk in (k-0) depicts the shake-up peak of the Fe?* peak,
which helps identify the catalyst chemical state. Fe 2p spectra from samples i-v show an increase in catalyst
reduction (Fe). Poor growth (a & f) was evident in samples with a small degree of catalyst reduction (k). An
increase in apparent forest density with increase in catalyst reduction to Fe° clearly marks the importance of
reaching a majority population of catalyst particles in the fully reduced state to achieve good growth. The

difference in noise level in between (I-n) and (k & 0) is a result of improved signal collection efficiency after



service maintenance of the energy analyzer, which occurred between the 1%t and 2" runs in Table 1. The scale

bar corresponds to 20pum and 1um in (a-e) and (f-j), respectively.

To understand how the catalyst chemical state determines growth density, we use the Herman Orientation
Factor (HOF) as a quantitative metric; the HOF is calculated from the fast Fourier transform (FFT) of each SEM
micrograph (shown in the insets in Figures 2f-J and described in detail in the Methods section). An increase in
the calculated HOF values, up to a factor of ~10, was observed with increase in Fe® content (Figure 3, black
squares). Meanwhile, the forest height (Figure 3, blue circles) increased linearly for all samples except sample v
(in situ deposited catalyst), reaching a height of up to ~100um. Sample v grew a forest of intermediate height
(~27um), taller than samples i and ii, but shorter than samples iii and iv. The difference in forest height between
samples iv and v, the two samples with highest Fe® content, will be discussed in the following segment. We note
that aside from sample i, all the other samples (ii-v) produced high-density, vertically aligned CNT forests. And,
although the metric used herein to define good growth is CNT alignment (not CNT density), GISAXS and TEM
studies have revealed that CNT alignment and number density are directly correlated,?” thus validated the
calculated HOF values as an indirect measurement of CNT number density. This density-alignment correlation is
also validated by visual inspection of the SEM micrographs. A proportional increase in the HOF with Fe%/Fe?
ratio (Figure 3) indicates that there is a direct relationship between the amount of fully reduced iron (in the Fe°
state) and the density-alignment of the forests. This is especially evident in sample i, which exhibited the lowest
content of Fe® and hence the least alignment and density (Figures 1 and 2). Note that the final reduction state in
this sample is highly dominated by the Fe?* state, as seen in the exemplary data in Figure 1g, which is likely the
reason for the lack of CNT self-organization into a forest.?® The attenuation of the Fe® signal as a result of
decreased probed depth with increasing C 1s signal —noticeable between the magenta scan labelled ‘final
reduction state’ and the green scan labelled ‘nucleation/growth state’ in Figure 1g— suggests that CNTs

encapsulate the Fe® catalysts and that oxidized particles do not participate in growth. Filling of the electronic
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states at the Fermi level with increase in Fe® content (Figure S3) further emphasizes the need for unbound

electrons that can participate in ionic bonding during CNT growth.*®
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Figure 3. Forest growth metrics. Herman orientation factor, or HOF (left axis, black squares), and forest height
(right axis, blue circles) as a function of Fe%/Fe?* area ratio. The HOF values show an increase in forest alignment
with increase in Fe%Fe?* ratio. Meanwhile, the forest height (obtained in a total growth time of 10 minutes) shows
an increase in height with increase in Fe%Fe?* ratio for all samples except sample v, which corresponded to the
in situ deposited catalyst (see Table 1 for sample labels). The error bars show the standard deviation in the

calculated HOF and forest height values.

To test this hypothesis —that amount of fully reduced iron drives the number density of CNT-bearing catalysts—
we examined sample v, which contained the in situ deposited catalyst film with a high degree of reduction prior
to CNT growth (Figure 2e and 2j). Although a small degree of oxidation was seen as a result of oxygen diffusion
from the Al,Og3 layer, the catalyst film in sample v exhibited the highest Fe%Fe?* ratio and the cleanest surface
among all the samples prior to growth. The surface cleanliness was determined by inspecting the amount of

adventitious carbon prior to reduction. A high CNT density and alignment obtained from the in situ deposited
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catalyst confirms that fully reduced iron (Fe®) is indeed the active state of the catalyst and thus deterministic of
nucleation success rate. The increase in apparent CNT density and alignment in sample v is consistent with results
obtained for sample iv (Figure 2d and 2i), which also exhibited a high Fe%/Fe?* ratio. In contrast, more oxidized
samples with a lower Fe%Fe?" ratio exhibited lesser alignment and CNT density, signifying a much lower
nucleation success rate during growth. Our direct finding that Fe® is required for CNT growth is consistent with
many studies that link growth to the Fe? state.16-17: 32.38.46-48 A more reduced catalyst population gives a greater
CNT nucleation density and alignment. It is important to note that other aspects of the catalyst, such as catalyst
size, may influence the growth outcome. Although we did not directly examine the particle diameters as reported
elsewhere,® 4° the CNT diameters obtained from TEM imaging (Figure S6) and the radial breathing modes
obtained from Raman spectroscopy (Figure S7) indicate that neither the number of walls nor the average diameter
of the CNTs was significantly impacted by the degree of reduction on these samples and that, by correspondence,
neither were their precursor catalyst particles. The CNT diameters remained nearly unchanged across the samples,
with a slight decrease in CNT diameter as the catalyst became more reduced. This confirms that the increase in
forest density is caused by an increase in number density of CNTs and not by an increase in the CNT diameter or
the number of walls. The positive correlation between the Fe%Fe?" ratio and forest density, coupled with the
unchanged CNT diameters and the attenuation of the Fe® signal after CNT growth, reiterate that the reduced state

drives growth and that oxidized particles do not participate in the process (Figure S8).4°

AP-XPS results were also used to infer growth parameters such as carbon accumulation rate (the product of
growth rate and number density of nucleated catalysts) and time constant (proportional to catalyst lifetime) from
the evolution of the C 1s core level spectra.?® 2 To do so, we monitored the evolution of the C 1s area during
growth, with fixed boundaries (280-295eV) and normalized to unity for consistency. The time-dependent C 1s
area was fit using a linear and exponential function to extract the carbon accumulation rate and time constant,

respectively. Refer to the Methods segment and supporting information (Figures S4-S5 and comments therein)
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for a detailed description on extraction of the carbon accumulation rate and time constant from AP-XPS data. An
increase in accumulation rate with amount of Fe® (Figure 4b) confirms that the number of catalyst particles
participating in CNT growth (and thus contributing to the C 1s signal) is proportional to the amount of catalyst
that is fully reduced. Likewise, the exponential decrease in time constant with increasing Fe®/Fe?* ratio (Figure
4c) —although not proportional to catalyst lifetime due to limited probe depth- reiterates that the increase in carbon

accumulation rate is consequential of the increase in CNT number density.
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Figure 4. Carbon accumulation rate of samples in Figure 2. (a) Evolution of the C 1s area for samples i-v ranging

from poor to good growth, respectively. The C 1s area was calculated with fixed boundaries and normalized to
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unity for comparison, and fit with straight lines (denoted by dotted lines in panel (a)) to extract the initial growth
rates. (b) The carbon accumulation rate from the fits in (a) increase with increase in Fe%/Fe?* ratio, suggesting that

higher degree of catalyst reduction results in higher CNT growth rates.

Boosting Nucleation Success Rate using Carbon Preloading. In view of the importance of the population of
catalyst in the fully reduced state, we now draw attention to samples iv and v, both of which have a high degree
of reduction. As mentioned earlier, samples ii-iv (with ex situ deposited films) exhibit a progressive increase of
hydrocarbon by-products (Figures S9-S11) from sequential experimentation. These samples were also exposed
to oxidizing conditions prior to reduction and growth (Figure 5). We examined the role of these carbon by-
products on catalyst reduction by monitoring the amount of carbon on the surface of the iron catalyst, expressed
as the C/Fe atomic percent ratio. This ratio was obtained from the AP-XPS spectra by calculating the ratio between
the area under the curve for the C 1s and Fe 2p core level spectra at the beginning of reduction, and multiplying
this ratio by a factor of 2.7x10 to account for the difference in ionization cross-section of both core levels at the
photon energy used (965eV). The calculated C/Fe ratios (black squares) are plotted against the Fe%/Fe?* ratios in
Figure 5. Also plotted in Figure 5 are the corresponding CNT forest heights (blue circles) obtained from Figure
2a-e. Figure 5 clearly shows that the C/Fe ratio correlates with the Fe%/Fe?" ratio, and that an increase in both the
C/Fe and Fe%Fe?* ratio results in taller CNT forests. The gradual increase in C/Fe ratio is due to the progressive
buildup of hydrocarbon by-products from previous growths as well as the absorption of carbon contaminants
(from oxidation procedures) and water (introduced after oxidation) on the walls of the chamber and nearby
components. Combined with Figure 3, the results show that increases in the C/Fe and Fe%/Fe?* ratios also lead to

a greater CNT alignment and density.

The extent to which carbon can aid growth is demonstrated by the increase in growth ‘yield’ —the product of
HOF and forest height (wm/min)- for the sample with a large quantity of carbon buildup (sample iv). This growth

14



‘yield’ is expressed as a product of both the HOF and forest height to account for the forest density contributing
to the observed carbon accumulation rate in Figure 4. In comparison, the in situ deposited sample containing
little carbon buildup and a highly reduced catalyst film (sample v) grew a dense forest but of shorter height.
Figures 5 and 2e highlight how carbon can boost growth to yield forests ~3x taller than forests grown using a
clean catalyst film with a comparable degree of reduction. This increase in growth yield is caused by the greater
supply of carbon on preconditioned samples, which can be processed by the reduced catalyst particles at an earlier
stage (Figure S11). Interestingly, growth of dense and highly aligned forests of comparable quality in both the
ex situ deposited catalysts with high C/Fe ratio (sample iv) and the in situ deposited catalysts with low C/Fe ratio
(sample v) suggests that the degree of reduction and nucleation success rate can be improved by the addition of
solid carbon. This is further supported by the non-aligned growth (poor growth) obtained in the ex situ deposited,
clean catalysts (with low C/Fe ratio, sample i) using identical growth conditions to those used for the ex situ
deposited catalyst with a high C/Fe ratio (sample iv). Poor growth in the clean catalyst (sample i) as a result of
minimal reduction from a highly oxidative environment and a carbon-free catalyst (Figure 3f) stresses the role of
carbon as an additional reducing agent.>® More importantly, we show that high density forests can be obtained by
either in situ deposition of a highly reduced catalyst, or by reduction of an ex situ deposited, oxidized catalyst
using a strong reducing agent. And, the ex situ, highly carbon-preloaded sample (sample iv) exhibits a greater
carbon accumulation rate than the ex situ, clean catalyst (sample i) under equivalent growth conditions (Figure
4). While in situ deposition represents the ideal catalyst system (sample v), with the highest carbon accumulation
rate among the five samples, the presence of hydrocarbons or solid carbon on the catalyst may also boost CNT
growth rates and catalyst lifetime. These results suggest that CNT-bearing catalyst compete for carbon, and that

exposure to excess carbon helps meet the demands for high growth rate and number density of CNTs.%
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Figure 5. A highly reduced catalyst film can be obtained either by in situ deposition of a catalyst film in a non-
oxidizing environment or by carbon-aided reduction of an ex situ deposited catalyst film. The C/Fe atomic percent
ratio (left axis, black squares) and growth “yield” (right axis, blue circles) for samples i-v show that an increase
in carbon preloading can aid reduction of the catalyst and boost growth. Growth “yield” was defined as the product
of the HOF and forest height per unit time (calculated for 10 minutes of growth). The dotted lines highlight the
overall dependence of growth “yield’ (right axis, blue circles) to the amount of carbon contaminants present (left

axis, black squares). The black dashed line highlights the presence of minimal carbon content in sample i and v.

The improved nucleation success rate in the highly carbon-preloaded samples, containing a high C/Fe ratio,
raises the question as to whether CNT-bearing particles are comprised of a carbide phase (i.e. FesC and Fe;Os).
This question is motivated by earlier AP-XPS studies, where nucleation of CNTs was preceded by chemisorption
of carbon and formation of carbidic carbon,*® and by in situ TEM work, where cementite (FesC) was identified
as a catalytically active phase for CNT growth.>>>* After careful examination of the C 1s spectra taken along the
reduction, nucleation, and growth stages (Figures S10 and S11), we concluded that carbidic carbon was either

not formed or not detected in the samples studied. This species, which is positioned at the lower-binding-energy
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side of the C-C peak (~283.2 eV),"* %° was not detected within the time resolution of our experiments (~5-15s
between sequential C 1s scans). Although the absence of this peak is not conclusive of whether a metastable
carbide phase —with a life time shorter than our time resolution— was present at the onset of growth, or whether
this species is quickly attenuated by the C-C peak, it is a good indicator that the boost in growth “yield” in carbon-
preloaded samples was not propelled by a carbide phase (Figures S10 and S11).'* Besides, we note that the
formation of cementite is preceded by reduction of iron oxide to a fully reduced o-Fe phase (in the Fe? state),*®:
and hence the takeaway of this work remains invariant: bond formation cannot proceed unless the catalyst is in
the zero-valent state, irrespective of whether it is in the form of a solid solution (i.e. a-Fe + carbon) or a carbide

phase (FesC).

Catalyst ‘Readiness’ is Determined by Particle Number Density in the Fe® state. We now refer back to the
contrasting morphology of samples i and iv, which were grown using equivalent reducing and growth conditions
yet exhibited significantly different degrees of catalyst reduction and CNT alignment and density. On the one
hand, the growth of dense forests in sample iv (high Fe® content) resembles high-density forests obtained from
catalysts supported on a strongly-interacting Al.O3 substrate. On the other hand, non-aligned, spaghetti-like CNT
growth in sample i (low Fe® content) is morphologically similar to the poor growth obtained either from highly
reduced catalysts supported on a weakly-interacting SiO2 substrate which undergo catalyst evolution, or from
catalysts supported on a strongly-interacting Al>O3z substrate when exposed to a low reductant or hydrocarbon
pressure.'® It is clear from the Fe /Fe?* ratio in Figure 2k that the nucleation success rate in sample i was limited
by insufficient reduction of the catalyst as a result of its strong interaction with the Al,O3 support.'® 24 3% These
two samples highlight the important role of reducing agents, experimental conditions, and catalyst-support
interactions in determining the extent of reduction; the interplay between catalyst reduction and evolution may
lead to a low CNT number density either due to insufficient catalyst reduction (low Fe%Fe?" ratio) or due to

particle coarsening once they are fully reduced (high Fe®/Fe?* ratio but low number density of large particles).?*
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.38 vet, the extent of reduction to the zero-valent state ultimately separates the first regime, where growth

improves as Fe? increases, from the second regime, where growth suffers as particles coarsen.

The role of catalyst reduction on nucleation success rate during the first regime is captured in a schematic
(Figure 6), which depicts the effects of catalyst ‘readiness’ on nucleation success rate. Here, we assume that only
fully reduced catalyst particles can nucleate CNTs (Figure S8) and as such the number density of catalyst particles
in the Fe® state determines the nucleation success rate. In the context of forest density and alignment, catalyst
reduction is critical in determining the size and density of CNT-producing particles, before catalyst evolution
initiates. Our results suggest that CNT self-organization, lift-off, and subsequent forest growth is achieved by
increasing the number density of active particles in the Fe® state above the critical threshold of CNT density and
alignment (~1 x 10° CNTs/cm? according to GISAXS).?” A collective model, proposed by Bedewy et al.,
suggested five main stages of catalyst evolution and CNT-population growth dynamics: catalyst preparation, self-
organization, crowding, steady growth, and termination.?’ The distributions of growth behaviors observed
throughout these stages were attributed to: 1) a growth behavior dominated by the response of a small
subpopulation of catalyst particles to time-invariant growth conditions suited for that subpopulation, and 2) a
growth behavior dominated by the response of the remaining catalyst population to suboptimal growth conditions.
Based on the present study, we propose that these stages are driven by the sub-population of catalyst particles in
the Fe® state which are capable of CNT growth during the catalyst preparation and self-organization stages, and
that the remainder of the population can be activated during the crowding stage by further reduction of the oxide
film. The latter is in fact indicated by the S-shaped particle density increase (‘popping’) observed by Bedewy et
al. during ETEM experiments, as will be discussed later.?” Bedewy et al. also suggested that CNT-bearing
particles may exhibit different evolution dynamics in comparison to those that do not bear CNTs, and that ripening

may be dominated by inactive particles.?’ If this is the case, ensuring that the majority population is ‘ready’ (in
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the active Fe® state) during the catalyst preparation stage can prevent particle coarsening and extend catalyst

lifetime.

Fe’/Fe?*Ratio

A 4

GROWTH 4@l REDUCTION

Fe® < Fe2* &P CNTs

Figure 6. Schematic representation of catalyst reduction and CNT growth depicts the catalyst population density
with Fe® and Fe?* chemical states and dependence of CNT nucleation on amount of fully reduced iron (Fe?).

Nucleation success rate and alignment follows particle density in the Fe? state.

We reiterate that both the onset of reduction and kinetics of reduction (i.e. annealing time and rate) can influence
the interplay between catalyst reduction and particle coarsening, and impact CNT growth.>” These aspects of
reduction have been thoroughly studied for iron films and are thus not addressed here in great detail (see
supporting information for comments on the kinetics of reduction).>® °-% But, we note that reduction of our iron
films follows the reaction pathway reported elsewhere, Fe,Os (Fe3*) = FesO4 (Fe**/Fe?*)> Fe1xO (Fe**) > Fe
(FeY), and that reduction to the zero-valent state in hydrogen occurs above T~430°C,% 57-%0 as reported elsewhere
and shown in Figure 7. The appearance of Fe® above this temperature indicates that the catalyst may be ‘ready’
(i.e. the catalyst is in the appropriate active state for CNT nucleation) to grow CNTs at a temperature much lower
than that typically used during growth (750°C in this study),>’® but that the overall density of CNT-bearing
nanoparticles is limited by the slow kinetics of reduction, by the use of weak reducing agents, or by catalyst-

support interactions as seen elsewhere !> 18 2638 |t i clear from the pathway presented above that phase
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transformation from Fe.O3 to Fe must be preceded by transformation to FesO4 and Fe1.xO, and that the kinetics
of these steps may retard the formation of Fe. Reduction in Hz is slow and this critical density of fully reduced
catalysts is reached only after prolonged exposure to Hz. This is the case for growth protocols that introduce H:
concurrently with the hydrocarbon at growth temperature; therein, a decrease in number density of CNTSs is
presumably caused by the slow reduction kinetics of iron in an Hz environment and by, consequentially,

insufficient reduction at the point of nucleation and growth.

We thus hypothesize that during catalyst preparation in weakly reducing conditions, some of the iron atoms
reduce —from the Fe®" to the Fe?* state and from the Fe?* to the Fe® state— and diffuse to form particles in the Fe°
state while the remaining iron stays in the form of an oxide (Fe?" state). At the lowest reduction and dewetting
temperature (above ~430°C),%" only a few reduced particles have formed. As the temperature increases, the
number density of particles in the Fe state increases and after sufficient time, the critical density of reduced
particles needed for CNT forest growth is reached.®® Once the system reaches growth conditions (i.e. 750°C in
this work), the initial density of CNTSs is determined by the number density of fully reduced particles before
exposure to the hydrocarbon gas. At that point, the film may be either partially reduced and composed of a mixture
of Fe?* bound to the support and CNT-bearing nanoparticles in the Fe® state, or fully reduced and composed
predominantly of CNT-bearing nanoparticles in the Fe? state.!* Nucleation will then take place exclusively in the
particles in the active Fe® state. Meanwhile, reduction and particle formation from any remaining oxidized Fe is
delayed; the oxidized catalyst remains inactive until fully reduced either by prolonging exposure of the catalyst
to the reducing environment or by carbon-assisted reduction.?® Under strongly reducing conditions, however,
reduction takes place rapidly and prolonged exposure can result in particle coarsening, which then decreases CNT
density and alignment. Particles reduced at a later stage (whether because they required more time or a stronger
reducing agent) may still grow small-diameter CNTs even if particles reduced at an earlier stage became too large

or can no longer produce CNTs due to other mechanisms such as poisoning. Hence, careful monitoring of the
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extent of reduction (degree, onset, and kinetics) will allow optimization of nucleation success rate during growth.
Our results indicate that a catalyst-support system exposed to conditions that promote rapid catalyst reduction, on
the one hand, and exhibiting optimized catalyst-support interactions for impeded catalyst evolution, on the other

hand, would be ideal.
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Figures 7. Kinetics of reduction of an iron catalyst film in hydrogen. AP-XPS data for sample ii (experimental
evolution from top to bottom) confirms that reduction of our catalysts films follows the pathway reported
elsewhere:%% 51 Fe,03 (3+)> Fes304 (mixed 3+ and 2+)>Fe1xO (2+) >Fe (0). The approximate temperature
(approx. temp.), iron phases, and observable events are highlighted at various stages of the reduction process.
Reduction onsets 1 and 2 denote the appearance of the Fe?* and Fe® species, respectively. The appearance of the

FeO state after reduction onset 2 suggests that a small fraction of the catalyst may be able to nucleate at T>430°C,
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and that catalyst evolution may begin at this point if not counterbalanced. A fraction of the film remained in the

Fe?* state due to the slow reduction kinetics and catalyst-support interactions.

Carbon Preloading as a Reducing Agent. We now return to the issue that the connection between CVD
parameters, hidden factors such as reactor cleanliness, and CNT forest density, is not thoroughly understood. This
leads to empirical practices to establish consistent growth, and limits reproducibility of results between labs and
CVD systems. An increasingly common practice is the rapid heating of the catalyst in a mixture of hydrocarbon
and reductant gases, resulting in smaller diameter CNTs and a higher number density of CNTSs in the forest.!2
This is in contrast to CVD recipes whereby the sample is heated slowly, often in a reducing gas such as hydrogen
without the hydrocarbon, which can lead to excess particle coarsening and increased particle diameters. Our AP-
XPS results show that catalyst films do not reduce uniformly using reductants such as Hz or slow annealing steps
as those traditionally employed, and that reduction of the Fe catalyst can be accelerated by exposure to carbon
during the annealing stage, which in turn leads to a higher nucleation density of CNTs on the substrate. The
efficacy of carbon as a reducing agent is consistent with the thermodynamics of H. and carbon reduction in

Ellingham diagrams, as well as with carbothermal reducing practices used in metallurgy.>® 2

We also note that “preloading” the catalyst with carbon during the nominal reduction step, here by exposure to
reactor-borne contaminants from sequential experimentation without cleaning, resembles common practices in
the field where a “dirty” furnace tube is relied upon to give denser and more consistent CNT forests. Herein, we
noticed that sequential experimentation was promoting the accumulation of carbon by-products onto the catalyst
films, and that this preloading ultimately improved the degree of reduction of the catalyst population. This is no
surprise, as the role of carbon as a highly efficient reducing agent has been reported using various techniques. For
instance, C2H; led to improved reduction of catalysts films in AP-XPS and in situ XRD experiments.!? On the
other hand, in situ ETEM experiments showed how catalyst dewetting and particle formation is slow in a
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hydrogen-only environment, and how rapid dewetting and formation of catalyst particles occurs as soon as the
hydrocarbon feedstock is introduced in the ETEM chamber.?® Likewise, GISAXS results showcased how rapid
annealing in C2H4 can improve CNT alignment and increase the rate of self-organization up to 3-fold.?® We
believe that the previously observed S-shaped particle ‘popping’ and offset S-curve of CNT density reported by
in situ TEM, and the threefold increase in organization rate reported in GISAXS experiments are governed by the
reduction of the catalyst and the availability of reduced catalyst particles to nucleate CNTs when the hydrocarbon
gas is introduced to the reactor. The extent to which carbon can improve nucleation probability is indicated by
the use of graphene as a catalyst support, which yields forests that are twice as tall and 30% more dense.®®
Meanwhile, the spontaneous reduction of metal ions on the sidewalls of single-wall CNTSs indicates that other
means for reduction apart from H> can be used to achieve efficient electron transfer and optimize the growth

process.5

The benefit of using controlled exposure to carbon during the reduction and dewetting stage and the generality
of this approach for hot-wall CVD systems are demonstrated in a companion study by Dee et al., which shows a
4-fold increase in bulk mass density, an 8-fold increase in CNT number density, and a 2-fold increase in growth
lifetime under otherwise identical CVD conditions. Therein, the catalyst is preload by depositing carbon onto the
furnace tube prior to insertion of the catalyst.>! The use of carbon additives in both studies, either introduced as
hydrocarbon by-products from sequential experimentation, reactor preconditioning, or as solid contaminants,
suggests that the catalyst preparation stage must be engineered to maximize the reduction of the catalyst, while
preserving suitably sized nanoparticles. Here, for Fe films on substrates we show that a combination of heating
in hydrogen and exposure to trace carbon accelerates reduction. This, in turn, gives a higher density of CNTs and

implies more efficient utilization of the catalyst.

CONCLUSIONS
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We have used AP-XPS to monitor catalyst ‘readiness’ for CNT growth, as dictated by the catalyst chemical
state. We observed that CNT-bearing particles in the reduced state dictate nucleation success rate and thus
influence forest density and alignment, as obtained from the Hermann orientation factor. We also revealed that
poor growth is directly related to the inability to achieve a high density of catalyst particles in the reduced state
prior to growth, and that a critical mass of reduced catalyst particles is required to achieve dense, tall forest growth.
We observed that growth can be improved by increasing the degree of catalyst reduction (represented by the
Fe%/Fe?* ratio), achieved either by depositing a reduced film or by preconditioning the catalyst film and reactor.
Furthermore, we showed that carbon by-products obtained from sequential experimentation can be used as a
reducing agent —superior to hydrogen- to reduce and activate more catalyst particles and increase the nucleation
success rate. We propose that carbon has a dual purpose during reduction and growth: first, it may act as an
electron donor to reduce catalyst films and sustain catalytic activity, and second, it may serve as a readily available
carbon feedstock and participate in growth once the catalyst particles are reduced. This carbon “preloading” from
sequential experimentation led to highly reduced catalyst films, which grew dense, tall forests despite the presence
of oxidant (water) during growth. Highly reduced films can thus be obtained via in situ deposition of metallic
iron, reduction of the catalyst film by selection of appropriate gas species, or by carbon preloading via reactor
preconditioning. The results herein provide fundamental understanding of common practices used to increase
nucleation success rate and provide a way forward to arrive at consistently high CNT densities by tailoring catalyst

reduction kinetics.

METHODS

Sample Preparation. Silicon substrates (University wafer Si (100) substrates, 99% crystal purity, 0.5 miscut
angle, p-type doping and 0.001-0.005 Ohm/cm resistivity) were manually cleaved to approximately 0.5 x 1cm
pieces using a diamond scribe. Prior to catalyst deposition, the silicon substrates were cleaned thoroughly and
coated with a 10nm film of alumina (Al.Oz) by atomic layer deposition (ALD) at 150 °C. The iron catalyst film
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was then deposited over the alumina layer either by ex situ or in situ deposition as discussed below. For ex situ
deposited catalyst films, the samples were transferred to an lon Beam Sputtering/Etching System (South Bay
Technology Inc., IBS/e 1511) after alumina deposition for sputtering of the iron catalyst film to a nominal
thickness of 1nm. This was done by sputtering an iron target with an ionized source at 5kV accelerating voltage
and 6mA emission current at a vacuum level of ~10°-10"" Torr. Once the catalyst system was deposited, the
samples were packaged for transportation to NSLS II. For in situ deposited catalyst films, the samples were
packaged for transportation after deposition of the alumina film without further manipulation or deposition of a
catalyst film. Once transported, the samples were introduced into the pre-loading chamber of the AP-XPS system
and eventually transferred to the analysis chamber for surveying of the as-prepared surface chemical state prior
to deposition. Once an initial spectral set was collected, the samples were transferred back to the pre-loading
chamber which was connected to the evaporation chamber. For in situ deposited catalyst films, the as-cleaned
supports containing 10nm of ALD alumina were pre-evacuated in the analysis chamber. Once the vacuum level
was sufficiently high, the samples were transferred to the evaporation chamber. In situ iron deposition was carried
out in the load lock chamber of the AP-XPS system which was connected to the analysis chamber via a gate valve.
The pressure during the deposition was ~ 2x10® Torr. An SPECS EBE-4 evaporator and an iron rod (Goodfellow,
99.99% npurity) were used for deposition. The deposited thickness was calibrated using a quartz crystal
microbalance. Adventitious carbon in samples ii-iv was removed prior to reduction and growth by pre-annealing
in Oz at 400°C for 20 minutes. We note that, after cooling and removal of O, used for oxidation, hydrocarbon by-
products were re-deposited on the sample. The source of these was, presumably, the presence of carbon by-
products from previous growths on the substrate holder and heating element that were oxidized during oxidation
and condensed onto the support upon cooling. Figure S9 shows that the carbon by-products are composed of C-

OH.
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CNT Growth. For CNT growth the as-prepared samples were mounted in a custom-made fixture containing a
heating element and introduced into the load-lock chamber of the AP-XPS system. The fixture containing the
samples was loaded into the analysis chamber at a base pressure of 107-10° Torr. The fixture position was
optimized to an incidence angle of 45°. Once positioned, the samples were exposed to oxidation and reduction
environments, followed by CNT growth. A semi-static fill of the desired gas was used for each experimental
stage. Oxidation was conducted to remove adventitious carbon present on the surface of the samples. This was
done by exposing the samples to 0.1 Torr of oxygen and heat treating them at a temperature of 400°C for 20mins.
After oxidation, the samples were cooled to room temperature and the AP-XPS chamber was pumped to 102-10"
8 Torr. Once the desirable vacuum level was reached in the chamber, the gate valve to the turbomolecular pump
was closed to allow accumulation of the residual gases in the chamber and the system base pressure was recorded
before the beginning of the reducing stage. As soon as the base pressure in each experiment was established,
water vapor was introduced until the desired water level was achieved. The samples were then exposed to 0.04
Torr hydrogen and heated to 750°C (~20°/min) and held for 30 minutes for catalyst reduction. Upon reaching the
desired temperature, 0.1 Torr of CoH2 was introduced in the chamber to initiate CNT growth. After a period of 10
minutes, the CoH. was removed and the samples were cooled to room temperature in the presence of hydrogen.
Once cooled, the H2 was pumped out of the chamber and the sample was exchanged. Figures 1, S1, and S2 depict

the experimental procedure and setup used. Growth conditions are listed in Tables 1 and S1.

AP-XPS Data Analysis. Ambient pressure-photoelectron spectroscopy (AP-XPS) measurements were carried
out at the In situ and Operando Soft X-ray Spectroscopy Beamline (10S) in the National Synchrotron Light
Source Il (NSLS I1). The main chamber was equipped with a differentially pumped hemispherical electron energy
analyzer (Specs Phoibos 150NAP), mounted to an offset of 70° from the incident X-ray beam and 20° from the
surface normal (or 110° from the surface plane). The photon energy was set to 965 eV to prevent overlap of Auger

peaks with the core level spectra of interest to this study (mainly iron, carbon, oxygen and aluminum). The time
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resolution, determined by the time delay between XPS scans, was ~5-30s depending on the width and conditions
used for the core level of interest. CASA XPS was used for AP-XPS data analysis and peak fitting. A Shirley
background was employed to analyze the Fe 2p, O 1s, C 1s and Al 2p core level spectra. Survey spectra was used
to confirm that the as-prepared samples contained primarily Al, O, Fe, and C. Peak fitting was done by adjusting
the number and shape of peaks depending on the core level in question. Gaussian-Lorentzian peaks of the form
GL (a,n,m) were used to fit the components in the O 1s and Al 2p core level spectra. The components of the Fe
2p32 and 2py2 core level spectra were fit using a combination of asymmetric peaks (for the 3/2 and 1/2 spectra)
and symmetric Gaussian-Lorentzian peaks (for their corresponding shake-up peaks) of the form LF (a,b,n,m) and
GL (a,n,m), respectively. In summary, Fe 2p data was fit by 1) fitting the three main valence states (Fe**, Fe?*,
and FeP) at various stages of the experiments where only the pure states are present, then by 2) locking the fitting
parameters, and 3) fitting the mixed valence states using the fitting parameters obtained from step 1 (i.e. using
the Fe3* and Fe?* fitting parameters for FesO4). Each iron phase (Fe;Os, FesOa, FeO, and Fe) can also be confirmed
by identifying the shake up peak in the Fe 2ps/» spectra (asterisk in Figures 2 and 7). Exhaustive literature can be
used as guideline for data analysis of the Fe 2p spectra.3®** To calculate the sensitivity factor for each elemental
transition, the photoionization cross sections dependence on the photo energy was used. A quick value was
obtained from this link: https://vuo.elettra.eu/services/elements/WebElements.html. Shifts resulting from sample
charging and heating were corrected during data analysis by continuously monitoring the O-Al component in the
Al 2p spectra and assigning this value to 74.6eV.% The reduction of Al and formation of metallic Fe-Al was

disregarded provided that both the Al and Fe spectra shifted by the same amount.

To fit the components in the C 1s spectra, a constrained fitting procedure with a combination of symmetric
peaks for the C-C (sp2) peak and symmetric Gaussian-Lorentzian peaks for all other carbon components was
used.** To calculate the carbon accumulation rates, the C 1s evolution was monitored from time zero (to) before

the introduction of C2H; (determined as the last acquisition in the reducing step before the CoH> for all samples
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except sample iii) until the signal was saturated. This area was calculated with fixed boundaries (280-295eV) in
all samples and normalized to unity for consistency. Sample iii required an approximation for the initial time (to)
as detailed in the supporting information (Figure S5). The progression of the C 1s signal exhibited two growth
behaviors in the samples: samples i and ii (with a small amount of Fe? signal) exhibited a self-exhausting growth
behavior comprised of an initial linear growth period followed by growth decay characteristic of growth
termination, whereas samples iii, iv, and v (with a large amount of Fe®) exhibited a linear growth behavior
followed by abrupt signal saturation. This rapid saturation was a result of faster and denser growth from a larger
number density of nucleated catalysts, which rapidly extinguished the detected AP-XPS signal above the probed
depth. Thus, the exponential expression used to capture the self-exhausting growth during in situ Raman
spectroscopy work {A(t) = 7= v [1 — e™/7], where A(t) is the C 1s area, v is the carbon accumulation rate and
T is the time constant}® could not be used during AP-XPS analysis.?° Instead, we extracted the carbon
accumulation rate for all samples (i-v) by fitting a straight line to the initial portion of the growth curves
(equivalent of v in the growth expression above) and calculating the slope of the linear fit. The deviation in the

carbon accumulation rates extracted from the exponential fit is shown in Figure S5.

Electron microscopy, Raman spectroscopy, and HOF calculations. Forest heights and CNT alignment were
obtained from SEM imaging using an FEI Sirion SEM at 5kV. The Hermann Orientation Factor (HOF) values
were calculated from SEM micrographs by first rotating the micrographs to align the growth axis to be vertical.
Then, the FFT was extracted from each micrograph using ImageJ (thermal color insets in Figure 2a-e). Then, a
MATLAB routine evaluated the FFT intensity as a function of the angle. Finally, the HOF was obtained by
traversing around an arc in the FFT reciprocal space, with user-defined radius for the sweep. The HOF values
reported are an average of 15 sweeps obtained at different radii. The associated scatter in the data is depicted as
the error bar in the HOF plot. CNT diameter distributions for samples ii-v were obtained from TEM imaging

using an FEI Titan Talos TEM at 200kV (Figure S6). Sample i could not be examined using TEM due to the low
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CNT forest density. Raman scans (Figure S7) were obtained from the center of the CNT forest in each sample

with a Renishaw Raman microscope (laser excitation 514.5 nm).
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