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Introduction

Oxygen-promoted catalyst sintering influences
number density, alignment, and wall number of
vertically aligned carbon nanotubesf

Wenbo Shi, €2 Jinjing Li,” Erik S. Polsen,® C. Ryan Oliver,° Yikun Zhao,
Eric R. Meshot,® Michael Barclay,” D. Howard Fairbrother, @7 A. John Hart @ € and
Desiree L. Plata @ *?

A lack of synthetic control and reproducibility during vertically aligned carbon nanotube (CNT) synthesis
has stifled many promising applications of organic nanomaterials. Oxygen-containing species are particu-
larly precarious in that they have both beneficial and deleterious effects and are notoriously difficult to
control. Here, we demonstrated diatomic oxygen's ability, independent of water, to tune oxide-supported
catalyst thin film dewetting and influence nanoscale (diameter and wall number) and macro-scale (align-
ment and density) properties for as-grown vertically aligned CNTs. In particular, single- or few-walled
CNT forests were achieved at very low oxygen loading, with single-to-multi-walled CNT diameters
ranging from 4.8 + 1.3 nm to 6.4 + 1.1 nm over 0—-800 ppm O,, and an expected variation in alignment,
where both were related to the annealed catalyst morphology. Morphological differences were not the
result of subsurface diffusion, but instead occurred via Ostwald ripening under several hundred ppm O,,
and this effect was mitigated by high H, concentrations and not due to water vapor (as confirmed in O,-
free water addition experiments), supporting the importance of O, specifically. Further characterization of
the interface between the Fe catalyst and AlLO3z support revealed that either oxygen-deficit metal oxide or
oxygen-adsorption on metals could be functional mechanisms for the observed catalyst nanoparticle
evolution. Taken as a whole, our results suggest that the impacts of O, and H, on the catalyst evolution
have been underappreciated and underleveraged in CNT synthesis, and these could present a route
toward facile manipulation of CNT forest morphology through control of the reactive gaseous atmo-
sphere alone.

thesis. In particular, chirality control, alignment and direc-
tion of growth,>'® and reproducibility’""'> have been persistent

In spite of the staggering promise of carbon nanotubes (CNTs)
to transform the electronics,"” energy storage,® and water
treatment sectors,” few CNT-enabled technologies have been
translated to commercial success because of limitations in
achieving simultaneously high yield and quality in bulk syn-
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challenges in chemical vapor deposition (CVD) CNT synthesis.
Briefly, CVD synthesis of CNTs relies on the conversion of car-
bonaceous gases into a solid material with the assistance of
catalytic nanoparticles (i.e., via heterogeneous catalysis). Poor
reproducibility in CNT synthesis via CVD has been attributed
to fluctuations in ambient and reactor-sorbed water vapor,'" as
well as to carbonaceous deposits inside reactors leading to
growth hysteresis.'”> The mechanisms of these impacts are
thought to derive from (a) the influence of water or oxygen on
the growth gases (i.e., carbon-containing gases) and/or (b) the
formation or removal of carbonaceous deposits on the catalyst
nanoparticles (i.e., removal via etching with water vapor).
Indeed, several oxygen-containing gases (e.g., H,0,"* 0,,"> and
CO, '®) have been shown to enhance CNT formation to an
extent (see summary in Table S17), where excess levels of
oxygen-containing compounds can result in etching of the
CNTs themselves.'” ! Specifically, oxygen-containing species

This journal is © The Royal Society of Chemistry 2017
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are reported to improve the CNT quality, to enhance catalyst
activity and prolong catalyst lifetime, thus increasing CNT
yield in bulk synthesis."*'”** In addition, type-selected CNTs
(e.g., SWCNT forests,'* semiconducting-enriched SWCNTs,>*>*
metallic-abundant SWCNTs>?) were also achieved via water
addition. The benefits of oxygen-assisted methodologies are
promising for mass production of high-quality CNTs, but add
one more operational parameter that impacts manufacturing
reproducibility and lacks in-depth understanding and a priori
rationale for control.

To date, all of the proposed mechanisms by which oxygen-
containing materials influence CNT growth have been related
to gas-phase processes or reactions between the oxidant and
reduced carbon phases. In contrast, little attention has been
devoted to the effects of the reactive atmosphere on the metal
catalyst itself. Studies in other heterogeneous catalysis
systems, such as CO oxidation, have demonstrated that
oxygen-containing species affect the catalyst size and
shape.”®?” Further, differences in catalyst particle morphology
can influence the activity and product selectivity, especially for
those at the nanoscale.*®*° For catalytic CNT growth, the ques-
tion remains as to how oxygen and water vapor affect catalyst
nanoparticle evolution, both prior to and during CNT
synthesis.

The environmental effects (i.e., those derived from the
gaseous atmosphere of intentional or unintentional additives
such as air, CO, O,, H,, H,0, NO, and N,) on a wide range of
catalytic models have been previously investigated in an effort
to enhance their performance.>® For example, Pt/oxides or
amorphous carbon,*'™*' Pd/oxides,"*** Au/oxides or amor-
phous carbon,*>*® Cu/oxides,"””*® and Co/oxides*® were
studied in the context of one or more of the following reac-
tions: exhaust gas catalytic conversion, CO oxidation, metha-
nol synthesis, and Fischer-Tropsch synthesis. Perhaps the
most well studied catalytic system of all time, the Pt/Al,O;3 in
the automobile catalytic converter, is known to undergo sinter-
ing in response to oxidizing gaseous atmospheres.**® In con-
trast, oxygen can be used for Pt nanoparticle redispersion,®®
which is enabled presumably by volatile PtO, species detach-
ing from the large nanoparticle clusters and subsequently
decreasing the metallic Pt nanoparticle size.> While it is held
that oxygen induces sintering in the majority of catalyst
systems, these counterexamples suggest that a more detailed
understanding of the environmental effects on catalyst nano-
particle morphology could be a means of suppressing sinter-
ing and controlling the catalyst shape during reaction
conditions.

Unlike the extensive studies of Pt or Pd-based catalytic
systems, the effects of gaseous environments on Fe-based cata-
lysts are rarely studied, despite their broad significance in
mediating water-gas shift reaction,® Fischer-Tropsch syn-
thesis,” oxygen reduction,”® the recently discovered non-
oxidative conversion of methane,”> and being the foremost
employed catalysts for carbon nanotube growth.>®>” The
atmospheric-pressure CVD reactors commonly used for CNT
formation often contain some levels of residual H,O and O,,
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even in the absence of intentional addition of those gases.''
Unintended operational nuances (e.g., purging time variations
after sample exchange, the lack of a seal or baking procedure
during down time, changes in relative humidity leading to
differences in adsorbed water levels, gas-permeable tubing,
and a lack of sensors to indicate the internal moisture) can
give rise to variation in internal levels of H,O and O,, leading
to non-repeatable results and biased data interpretation. While
the impact of these gas species is evident, conflicting results
have been observed (ie., H,O can suppress ripening,>®>°
or not®®). These apparent disparities could result from the
difficulty associated with controlling moisture and oxygen
levels in CVD systems, and a rationally-designed reactor must
be used to eliminate hysteresis and batch-to-batch hetero-
geneity. Understanding these trace-gas effects is critical to
eliminate operational nuances and to design effective syn-
thesis equipment, whose complexity is a critical cost driver for
industrialization of CNTs and their suitability for specific
applications.

For the ultimate practical applications of vertically aligned
CNTs (VA-CNTs) forest, tunable CNT diameter, number of
walls, alignment, and density are crucial for exhibiting their
envisioned outstanding mechanical, thermal, and electrical
properties.®®®" Considering the strong correlation between
CNT structural properties and catalyst morphology,®* identify-
ing the roles of the gaseous oxidants in the catalyst formation
process for CNT growth could enable reproducible CNT manu-
facturing with controllable properties. Here, we address this
issue systematically and deconvolute the roles of O,, H,, and
H,O in catalyst evolution from experimental results. In this
study, VA-CNTs were grown on catalyst-coated silicon sub-
strates by atmospheric-pressure CVD in a specialty tube
furnace.'™'® Under variable atmospheres of inert gas
(He or Ar), H,, and O,, catalyst nanoparticles were generated by
annealing a 1 nm Fe film on a 10 nm Al,O; support on a
silicon substrate. VA-CNTs were then grown using C,H, as the
carbon source with a “fast heat” technique."*" A hygrometer
downstream of the tube furnace was used to measure the
moisture content in the effluent, and experiments were
initiated only after a stable water content was achieved.

Experimental
CNT synthesis

Vertically aligned carbon nanotubes (VA-CNTs) were grown by
catalytic chemical vapor deposition in a 1” Lindberg Blue M
tube furnace outfitted with a downstream Dewpoint
hygrometer (Kahn Cermet II) to monitor moisture in the
reactor. Substrate-affixed catalysts were prepared by electron
beam deposition of 1 nm Fe over 10 nm Al,O; on prime n-type
Si (100) wafers.®® Note that the Fe was deposited as zero-valent
Fe but is easily oxidized by ambient oxygen levels prior to
loading into the reactive chamber, and this Fe oxide must be
reduced (i.e., via annealing described below) prior to success-
ful catalyst dewetting, CNT nucleation, and elongation
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(Fig. S11).°>°%%> Also note that alumina was directly evapor-
ated from 99.99%-purity Al,O; crystals at high vacuum, thus,
the stoichiometry should be conserved. Gases were delivered
to the reactor in three phases: (1) flushing with 1000 sccm
ultra high purity (UHP) He for 10 min at room temperature
and then heating to 775 °C, and after dewpoint stabilization,
the substrate and quartz tube were rapidly shifted into the
heated zone (i.e., in a “fast heating” approach), (2) annealing
for 10 min under 400 sccm UHP H, plus variable amounts of
UHP He (20 sccm or greater) and 0.5% O, in He (80 sccm or
less) in order to reach a total of 100 sccm (i.e., 500 scem for all
gases during annealing); and finally, (3) growing under 100
scem H,, 100 scem C,Hy, identical amount of 0.5% O, in He
as selected for the annealing process and variable amounts of
UHP He to make up 500 sccm total flow for 15 min. For all
experiments, we minimized adsorbed water vapor by flushing
the reactor overnight with 1000 sccm UHP He. The 0-800 ppm
O, concentration range was chosen as a constrained window of
a previous study."*

To test the effect of oxygen on catalyst annealing at distinct
hydrogen levels, we varied the H, flow rate from 100 sccm to
400 scem, 0.5% O, in Ar from 0 to 10 scem and kept the total
flow rate constant (500 sccm) using a balance of UHP Ar. This
set of data is presented in Fig. 3 and 4.

In order to test the effect of water and oxygen independently,
one other series of experiments was conducted using a speci-
alty-designed atmospheric-pressure furnace,'>*® which can load
new catalysts without exposing the tube to the ambient atmo-
sphere, thereby minimizing adsorbed water vapor and reducing
the time necessary to return to dry reactor conditions.

Critically, we underscore that the O, added was small com-
pared to the content of H, in the gas environment (i.e., less
than 1:1000 for O,:H,). Moreover, the reaction between O,
and H, is highly favored thermodynamically,>* and residual O,
contents will be lower than input recipe levels. As a result, we
operate under the assumption the Fe catalyst is reduced to
zero-valent Fe during the annealing step (i.e., consistent with
Hofmann et al’s® findings and in light of the high H,: O,
ratios). Indeed, Plata et al.’s®” CNT growth mechanism invoked
the presence of reduced Fe for CNT formation. Nevertheless,
Teblum et al.®® demonstrated that it is possible to form CNTs
from oxidized Fe,O, species, albeit with less efficiency than
metallic Fe.

Material characterization

The catalyst morphology was interrogated by scanning electron
microscope (SEM; Hitachi SU-70 SEM at 15 kV) and atomic
force microscope (AFM; Veeco Dimension Icon; tapping
mode). The electronic structure and elemental distribution
over and within the catalyst support were studied using X-ray
photoelectron spectroscopy (XPS; PHI 5600 at Pp,se less than
5 x 10~° Torr with Mg Ka radiation (1253.6 eV, 15 kV, 300 W)),
XPS with Ar ion beam etching to enable depth profiling, and
X-ray diffraction and X-ray reflectivity (XRD and XRR, respect-
ively, both using a Rigaku SmartLab X-ray diffractometer
(Cu Ka radiation operating at 45 kv and 200 mA)). XPS spectra
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were analyzed by CasaXPS®, and the concentrations of Fe, Al,
and Si were determined from each sample by fitting the Fe
(2p), Al (2p) and Si (2p) regions after assigning Shirley, Linear,
and Linear background, respectively. Cross-sectional transition
electron microscopy (TEM) samples were prepared by FEI
Helios NanoLab 660 SEM focused ion beam (FIB) at CUNY
Advanced Science Research Center Facility in New York, NY
and imaged by FEI Tecnai Osiris at 200 kV.

CNT alignment was characterized using SEM (Hitachi
S-4700 Cold Cathode Field Emission at 5 kV) and image ana-
lysis to calculate the Herman’s Orientation Factor (HOF) fol-
lowing Xu et al.®® CNT outer diameter and wall number were
analyzed by FEI Tecnai G> Twin TEM at 200 kV (80 counts per
sample) and FEI Tecnai Osiris TEM at 200 kV, respectively.
Raman spectra were collected on a Hobriba Jobin Yvon
LabRam Aramis Microscope with a 633 nm excitation laser
(HeNe).

Results and discussion
Key findings

Molecular oxygen, rather than water, was found to tune CNT
alignment, density, diameter, and even wall number, enabling
the selection of single- and few-walled VA-CNTs. This controll-
ability was associated with the wunderlying O,-mediated
impacts on catalyst sintering, where higher O, environments
promoted sintering and lower O, atmospheres prevented the
growth of large catalyst particles, and these effects could be
mitigated by the relative H, loading. Further investigation
revealed that the enhanced mobility of Fe-on-Al,O; in O,-rich
conditions proceeded by surface migration, where no evidence
of subsurface diffusion was observed. The mechanisms of cata-
lyst surface atom migration versus subsurface diffusion are not
only transformative for their implications for CNT synthesis,
but are potentially universal for the sintering of all oxide-
supported metal catalysts.

Effect of oxygen on CNT alignment and catalyst morphology

First, CNT forests were synthesized under identical conditions
but with different amounts of added O,. CNT alignment gener-
ally decreased, where the Herman’s Orientation Factor (HOF;
an order parameter that goes from 0 to 1 for random to perfect
alignment, respectively)®>’® varied from 0.73 to 0.51 as O,
partial pressure increased (over 0 to 800 ppm O,, respectively),
exhibiting a maximum alignment at 300 ppm O, (0.87 HOF)
(Fig. 1a; SEM images are shown). Consistent with previous
understanding that CNT catalyst particle density (and sub-
sequent nucleation) enhances the alignment of CNTs through
enhanced inter-tube mechanical coupling,”"”* there was a dis-
tinct and monotonic decrease in the number density of cata-
lyst nanoparticles (Fig. 1b; 2056 to 456 pm >, AFM images are
shown) and increase in catalyst particle diameters and heights
(Fig. 1c and S2; 12 + 3 nm to 17 + 3 nm diameter; 8 + 1 to 15
+ 2 nm tall over 0-800 ppm O,, respectively; AFM and SEM
images are shown), which corresponded with the decrease in

This journal is © The Royal Society of Chemistry 2017
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300 ppm 580 ppm

Fig. 1 Effects of O, on annealed catalysts and resultant CNT properties. In all experiments, 0.5% O, balanced by He was delivered to make up the
O, partial pressure from 0 to 800 ppm. (a) The alignment (Herman's Orientation Factor; where 1 is perfect alignment) and corresponding SEM
images, (b) catalyst nanoparticle number density and corresponding AFM images, and (c) diameter of CNTs, and diameter of catalyst nanoparticles
and corresponding SEM images, changed with O, partial pressure. Error bars (standard deviation) in (c) were calculated from n = 80 for CNT dia-

meter and from at least n = 53 for catalyst diameter.

CNT alignment. Here, we note that we did not measure catalyst
nucleation efficiency®® (possible via X-ray scattering tech-
niques®’), but acknowledge its importance for CNT density
and alignment. For example, it is possible that higher residual
O, contents could give rise to partially-oxidized Fe catalyst
islands, and this could result in decreased CNT nucleation
efficiency (due to their reported decreased catalytic activity by
Teblum et al.®® or completely losing graphitization ability by
Hofman et al.®!) and reduced alignment. While the decreased
catalyst density (Fig. 1b) is sufficient to explain the reduced
alignment, one cannot rule out the possibility of partial Fe oxi-
dation and reduced CNT nucleation efficiency as a contribut-
ing factor to reduced CNT alignment at high levels of O,.
Ex situ X-ray photoelectron spectroscopy (XPS) analysis was not
useful to make this determination, since atmospheric O, level
(approximately 20.95%) readily oxidizes Fe: the ex situ XPS
spectrum of Fe (2p) (Fig. S3t) presented chemically identical
Fe nanoparticles across a range of oxygen loadings (i.e., oxi-
dized to FeOx after being exposed to air). This reduces (but
cannot rule out) concerns that catalyst size differences shown
in SEM and AFM images (Fig. 1) were simply due to variation
in oxidation state (i.e., FeOx is larger than Fe). Nevertheless,
the concomitant increase in particle size and decrease in par-
ticle number density support the growth of larger particles,
rather than a change in oxidation state. While no direct
measurement of catalyst oxidation state was possible during
the reaction, O, residuals were very small in the reactor com-
pared to bulk H, in all of the experiments, and we do not
expect significant Fe catalyst oxidation in situ. Finally, there

This journal is © The Royal Society of Chemistry 2017

was no evidence of catalyst die off or weakening at trace O,
loadings due to severe catalyst oxidation (Fig. S4t). While the
general trends between particle number density and tube
alignment were consistent with theory, the catalyst particle
dynamics could not explain the enhanced alignment at
300 ppm O,. Note that besides the number density, functional
groups (extending along radial direction outside tubes) derived
from the incorporation of different alkynes (appearing in the
gas composition) into CNT structure might impact the inter-
action forces between neighbouring tubes, thus influencing
CNT alignment. Investigating the possibility that gas-phase
composition (rather than catalyst morphology) influenced tube
alignment, we observed a local maximum in methyl acetylene
(i.e., propyne) abundance under the 300 ppm O, condition
(Fig. S5t). While rigorous demonstration of a causative
relationship between gas chemistry and tube alignment is
pending work from the Plata lab, methyl acetylene is a known
VA-CNT growth enhancer that could potentially exert influ-
ences on CNT alignment®””*”* beyond the dominant influ-
ence of the catalyst packing density.®

Previous reports of the benefits of O in VA-CNT synthesis
derive from balancing C and H radicals,"® selectively synthesiz-
ing SWCNT,”® and etching amorphous carbon to maintain
catalyst activity,”® as well as the detrimental effects associated
with changing Fe oxidation state and thus reducing catalyst
activity,*® and, finally, etching CNTs when O, was extremely
intense.*! In addition to these effects, our results indicate that
O, also plays an important role via the catalyst geometry,
giving rise to variations in CNT diameter and overarching

Nanoscale, 2017, 9, 5222-5233 | 5225
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forest morphology. In particular, larger CNT diameters were
found in the presence of abundant oxygen (4.8 + 1.3 to 6.4 +
1.1 nm over 0-800 ppm O,; Fig. 1c). The relative increase of
the catalyst particle diameter (approximately 40%; confirmed
by SEM) is close to the relative increase in CNT diameter
(approximately 30%; confirmed by TEM), and this is consistent
with previous demonstrations of the strong dependence of
CNT diameter on catalyst diameter.””””® Note that the size of
the catalyst particles were larger than the CNTs themselves
(Fig. 1c and S27), suggesting a “perpendicular mode” nuclea-
tion (i.e., CNTs attaching on top of the catalyst dome rather
than around its widest circumference).”®®° Due to this attach-
ment geometry, low diameter MWCNTSs gave way to few-walled
CNTs at the lowest O, loadings (Fig. 2 and diameter distri-
bution available in Fig. S6at), as revealed by the emergence of
a radial breathing mode (RBM, full Raman spectra are avail-

——0ppm O,
=130 ppm
——300 ppm
—— 580 ppm
—— 800 ppm O,

1209 la sl
00 150 200 250 300
Raman shift (cm™)

Fig. 2 Effects of O, on as-grown CNT wall numbers. Lowest O, loading
was found to lead to thin CNTs with fewer walls. (a) Raman spectra indi-
cated MWCNTs gave way to smaller diameter few-walled CNTs at the
lowest O, loadings, and this finding was supported by high-resolution
TEM images (b and c).

0 ppm O, 20 ppm O,

i ' ;“ .

N 10+3 nm 11+£3 nm 11+4 nm
=
e
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b
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able in Fig. S7f) and confirmed by high-resolution TEM
images (wall number distribution available in Fig. S6b¥). This
is significant: few- and single-walled CNTs often rely on the
use of unique catalysts (e.g., Co/Mo®*" " or Ni/Y®* mixtures) or
unique catalyst deposition techniques (e.g., other than the
readily-scalable metal thin films). Here, we have demonstrated
that simply exerting control over the oxygen content of the
reactive atmosphere can provide a route toward single and few-
walled vertically aligned CNTs using earth-abundant,®® e-beam
deposited Fe thin films. Manufacturers could potentially offer
a range of products of variable tube diameter and wall
numbers through simple manipulation of the reactive atmo-
sphere; i.e., by exerting gas-phase controlled catalyst morpho-
logical changes.

Oxygen’s role mitigated by high hydrogen content:
deconvoluting the effect of water vapor

Practically speaking, during ‘C-free’ annealing steps, O,
residuals in most atmospheric-pressure CVD reactors will have
some fraction of O, that remains diatomic oxygen and some
fraction that is converted to water vapor (H,O). This balance
will rely on the H, content in the atmospheric reactor as well
as the temperature. To assess the role of this trace, residual O,
and associated (i.e., thermally generated) H,O, we investigated
the effect of sub-100 ppm O, levels over a range of compara-
tively large H, operating ratios seen in the literature. Oxygen’s
effect on the catalyst annealing process was most dramatic in
low hydrogen environments (0.2-0.4 atm), but effectively elimi-
nated in high hydrogen atmospheres (0.6-0.8 atm; Fig. 3 and
S8t). High-resolution scanning electron microscopy (SEM)

60 ppm O, 80 ppm O,

12+5 nm

100 ppm O,

14+4 nm 18+6 nm

114 nm

10£4-nm 11+4 nm

Fig. 3 The evolution of Fe-on-Al,O3 on a Si support following annealing at various O, and H, abundances. Annealing was conducted at 775 °C for
10 min in a total flow of 500 sccm (H, and O, balanced with Ar). SEM image analysis of at least n = 76 was used to calculate the total mean and stan-
dard deviation of the particle diameters. The scale bar in the upper left image is 100 nm and is consistent throughout the images.
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revealed that catalyst nanoparticle diameter increased with
increasing O, content at low H, (0.2 atm), but was unchanged
at high H, (0.8 atm); e.g., nanoparticle diameters ranged from
10 + 4 to 18 + 6 nm over 0-100 ppm O, at low H, and 9 + 4 to
11 + 4 nm over the same O, range at high H,. Catalyst particle
height measured by AFM revealed the same general trend of
larger particle sizes at high O, loadings, albeit with some non-
monotonic behavior (discussed in Potential Mechanisms; see
mechanism b) at lower H, levels (Fig. 4a). ANOVA analysis con-
firmed that the particle height trends as a function of O, show
statistically significant differences between H, loadings tested
(p < 0.05) (Fig. S97). In the absence of O,, H, had no effect on
the resultant catalyst size, suggesting that O, has a dominant
influence over catalyst particle size (catalyst diameters ranged
from 10 + 4 to 9 + 4 nm over a large range in H, (0.2-0.8 atm) at
0 ppm O,). Nevertheless, H, is critical to the reduction and
dewetting of the Fe film,*® and our observations in a zero-H,
condition confirm this result (Fig. S17).

(a) 18+ ™ H,ratio=0.2
161 ® H,ratio=0.4
e A H, ratio=0.6
s 14+ .
= Vv H,ratio=0.8
12 F i
=
S 10} l i |
o
L2 ®
T 8F i !
& ° | i
or ¢ 2 % v
4l E
0 20 40 60 80 100
O, partial pressure (ppm)
(b)18r = H,ratio=0.2
_ 16 ® H,ratio=0.4
g 146 A H, ratio=0.6
= v H ratio=0.8
@12 f ’
g .
S 10F \
2
5 8 | [ l\
g % i &n # 7
i Y.
* A + 4 Y
4l n

100 200 300 400 500 600
Moisture (ppm)

Fig. 4 Isolated effects of O, and H,O's influence on catalyst dewetting.
Catalyst particle height changed with (a) O, partial pressure and (b)
moisture. Note that these are from the same experiment set, in which
O, and water vapor co-vary. AFM image analysis was used to calculate
the total mean and standard deviation of the particle heights. Open
squares represent control experiments of varying moisture in an O,-free
system and 0.2 H, (i.e., O, and water are not co-varied here). Error bars
represent + standard deviation calculated over at least n = 684 particles.
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As molecular hydrogen is present in the gas atmosphere
during the entire VA-CNT growth process, any test of the effect
of diatomic oxygen will necessarily give rise to water vapor
through a highly exothermic reaction between H, and O,. To
ensure that the observed catalyst morphology changes at vari-
able O, were not merely the result of differences in moisture,
we used a water bubbler to generate moisture levels consistent
with those derived from our added O, experiments (150 ppm
to 500 ppm H,O at 0.2 H,; SEM and AFM images available in
Fig. S107), but in an O,-free system (i.e., one in which no O, is
intentionally added).'” Catalyst films annealed at different
moisture levels in the absence of O, exhibited particle sizes
that were identical to each other (Fig. 4, open symbols) and
close to our particles formed at 0 ppm O, in our added O,
experiments. Thus, the observed catalyst morphology differ-
ences are due to relative H, and O, levels, rather than differ-
ences in moisture, as previously postulated.'"*®

Beyond some basal requirement of H, to reduce and dewet
a Fe thin film into catalyst islands (Fig. S1 and previous
work),®¢®® our observation that H, had no effect on catalyst
ripening in the absence of O, might be consistent with the
finding of In et al.®® Briefly, In et al. demonstrated that vari-
ation of annealing treatment time in H, didn’t impact the
catalyst nanoparticle ripening process in their O,-free system.
Further, Hu et al. proposed that the mixing between Fe and
Al,O; underlayers is an entropically driven thermodynamic
inevitability, and H, functionally “reverses” this process
(i.e. driving the Fe backward onto the surface).”® Similarly
and also consistent with our results, Sakurai et al. suggested
that H, helps maintain a high Fe surface tension that
inhibits Ostwald ripening (i.e., impedes surface migration).”*
Our results, and others in heterogeneous catalysis,*"">
suggest that the O, content of the ambient gas composition
has critical implications for particle coarsening via Ostwald
ripening.

Surface versus subsurface diffusion

Two important phenomena are thought to control the catalyst
size and number density: Ostwald ripening and subsurface
diffusion.”® Ostwald ripening describes a process in which
atoms migrate from small particles to large particles, resulting
in the loss of small particles and growth of large ones and a
decreased number density.”* Subsurface diffusion is a process
in which the catalytic atoms diffuse into the substrate layer,
reducing the size of the nanoparticles that remain on the
surface and potentially rendering the remaining particles
ineffective toward nanotube deposition.”® As a result, sub-
surface diffusion has been proposed as a root cause of abrupt
CNT growth termination.’® While Ostwald ripening was pro-
nounced in our studies in O,-rich atmospheres, it was unclear
if the reduced particle density at high O, was partially due to
subsurface diffusion (Fig. 5a-d; t-test between particle dia-
meter in the absence (n = 282) and presence (n = 53) of O, was
significantly different; 95% confidence interval).

In order to evaluate the potential of subsurface diffusion,
we mapped the elemental composition of our multilayer cata-
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Fig. 5 Ostwald ripening of Fe thin films on alumina underlayers (1 nm Fe on 10 nm Al,Oz on a Si support) is influenced by oxygen content.
Following annealing at 775 °C for 10 min under 400 sccm H; and 100 sccm He with or without O,, SEM images (a, b); AFM images (c, d); and XPS
depth profiling of the Fe/Al/Si ratio in the substrate (e, f) in the presence (800 ppm) and absence (0 ppm) of O,, respectively. We caution that surface
morphology influences the distribution of elements in the apparent depth of XPS depth profile (i.e., higher alumina content can be interpreted as
more exposed alumina between Fe catalyst islands or subsurface mixing of Fe into the alumina), thus ‘sputtering time’ is utilized in (e, f) as the
abscissa to present the XPS data instead of commonly seen ‘depth’, which would only be valid for smooth surface. Note here that sputtering was
conducted until there was a sharp increase in the silicon signal and that sputtering time is not linearly correlated with depth.

lyst thin films by XPS depth profiling (Fig. 5e and f) and cross-
sectional TEM (Fig. 6). The XPS depth profiling in the cases of
high and no O, revealed unique patterns. First, in the absence
of additional O,, the surface Fe and alumina contents were
approximately 60 and 40%, respectively. However, in the
800 ppm O, case, the surface alumina content was much
higher (approximately 80%), with a correspondingly lower Fe
content (approximately 20%). Second, in both cases the Fe
content exhibited an exponential decrease with increasing
sputtering time, but at high O, this decay occurred over a
longer etching time (related to spatial depth into the film).
These differences could be explained by either (1) diffusion of
Fe into the Al,O3 underlayer at high O, or (2) variations in cata-
lyst topography. Historically, element depth profile analysis
(e.g., XPS and secondary ion mass spectroscopy (SIMS)) has
been used to demonstrate the degree of subsurface diffusion
of Fe-on-Al,O; systems.’”*>%™°7 However, because the ion
ablation pattern (i.e., a raster pattern) scans the surface
without bias, one can imagine that a proportionately larger
(with respect to height and diameter) Fe catalyst island with
more exposed alumina surrounding it would give rise to an
XPS depth profile that displayed both (a) an elevated signal of
alumina and proportionately depleted Fe near the surface and
(b) a prolonged Fe die-off (i.e., an apparently “deeper” Fe
signal). In other words, a raised-topography would present
similarly to subsurface diffusion, even though no such sub-
surface Fe migration existed. Therefore, XPS on its own was not
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Fig. 6 Cross-sectional TEM images (a, b) and energy-dispersive X-ray
spectroscopy (EDX) elemental maps (c, d) in scanning transmission elec-
tron microscopes (STEM) images of the catalyst annealed at two
different gas environments. (a, c) was annealed at 0.2 H, and 100 ppm
O,. (b, d) was annealed at 0.8 H, and absence of O,. Note that these
environments were chosen as representative extreme cases in the
matrix represented in Fig. 3.
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conclusive, and further investigation was needed to evaluate
subsurface diffusion in our experiments.

To test for subsurface diffusion in an O,-abundant environ-
ment, we compared the cross-sectional TEM images of the two
extreme conditions of the annealing matrix (i.e., 100 ppm O,
at 0.2 H, and 0 ppm O, at 0.8 H,; out of all the possible
choices shown in Fig. 3). In the TEM images (Fig. 6a and b),
most of Fe atoms were buried inside the Pt coating layer
(coated for SEM/Focused Ion Beam (FIB) for cross-sectional
TEM sample preparation) and no obvious Fe was observed in
the Al,Oj3 layer in either sample, while previously reported sub-
surface diffusion presented apparent dark dots (i.e., Fe) inside
the Al,O; layer in the cross-sectional TEM images.’**> The
thickness of Al,O; was around 16 nm (higher than the
nominal 10 nm) and consistent with the X-ray reflectivity
(XRR) fitting results (Fig. S11}). Elemental mapping (Fig. 6c
and d) revealed that, in both samples, Fe was sitting on the
surface of the Al, indicating few Fe atoms diffused into the
layer of Al,0; whether O, was present or not (element depth
profile available in Fig. S12}). Thus, O, promoted only surface
diffusion (i.e., Ostwald ripening) and not subsurface diffusion.
The Fe mapping shapes of these two samples were consistent
with the particle size and the distance between neighboring
particles as shown in SEM images (Fig. 3) and confirmed the
interpretation of the XPS depth profile (Fig. 5e and f) as reflec-
tive of surface morphology effects rather than subsurface
diffusion.

While Ostwald ripening has negative influences on CNT
growth such as density decay, unfavorable alignment, and
eventual growth termination, it is one of the dominant mecha-
nisms for the transformation of an e-beam-deposited Fe thin
film to suitable size nanoparticles (i.e., islands or clusters) for
CNT growth. Thus, modulating and leveraging this process is
critical for consistent and repeatable vertically aligned CNT
growth, and this can be done through precise control of the
gas environment. Oxidizing environments are generally recog-
nized as favorable for the catalyst sintering process,>® and
recent in situ studies have observed oxygen-induced sintering
in metal nanoparticle-oxide support systems,?!3*3%11:44,92
In contrast, water has been proposed to stabilize small
Fe nanoparticles by bonding oxygen or hydroxyl species on
the surface to reduce Fe atom migration rate across the sub-
strate surface.”® Compared with our study, the 0.5 nm Fe thick-
ness used by Amama et al.’® (versus 1 nm in this study) could
lead to heterogeneity in the initially dewetted nanoparticle size
distribution due to discontinuous deposition®®* or large
interparticle distances due to the lower mass loading. As a
result, large Fe migration distances may have manifested as
local stability against Ostwald ripening®®'® in the earlier
work by Amama et al. Furthermore, supplying moisture with a
large carrier flow rate (200 sccm) but without a hygrometer to
indicate humidity level could ultimately give rise to confound-
ing results. Here, we observed severe ripening in high O,
environments, and no influence of water vapor in the absence
of O, (this work and Li et al.'?), which is consistent with gener-
ally held nanoparticle formation trends in oxidizing environ-
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ments and could be explained via the mechanisms described
below.

Potential mechanisms of oxygen-enhanced Ostwald ripening

A reactive atmosphere could influence the catalyst evolution
process in at least three ways: affecting the strength of the Fe
metal-metal bonds; affecting the binding energy between the
Fe metal particles and the Al,O; substrate; or altering the
physicochemical character of the Al,O; substrate itself. We
have already ruled out the generation of H,O as a factor and
here propose two mechanisms that draw on the impact of O,
on these three processes: (a, Scheme 1a) oxygen-deficits could
evolve in the Al,O; layer, leaving local positive charges that
impede the surface and subsurface migration of Fe atoms
(under low O, atmospheres) or (b, Scheme 1b) oxygen adsorp-
tion could enable wetting or atom migration and particle
growth (under high O, atmospheres). Considering the oxygen
deficit mechanism (Scheme 1a), we note that the electrostatic
force between a partially positive substrate and a positively
charged Fe atom® would prevent diffusion on the surface and
immobilize the small Fe nanoparticles. Thus, in this low-O,
situation, the ripening effects are not pronounced. When O, is
abundant, it could replace oxygen defects in the Al,O3 struc-
ture, and the Fe atom would have higher mobility over the
surface, as observed. The status of the substrate in the oxide-
supported metal catalyst plays an important role in catalyst
evolution and CNT growth.”>'*" In our study, evidence for
existence of the oxygen deficiencies in the Al,O; underlayer
include: (a) a general increase in Al,O; mass density with
increasing O, partial pressure (Fig. S11}), where higher density
corresponds to lower oxygen deficiency, lower charging, and
less impediment to Fe migration. Amama et al.°® confirmed
that the observed Fe morphology and wettability of Fe is
associated with the density of substrate (i.e., the more sub-

(a) Absence of O,:oxygen deficit

09 . 00
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! o
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»000000000000000000000000
Impeded Ostwald ripening

(b) Presence of O,: oxygen adsorption

O
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Scheme 1 Potential mechanisms of (a) impeded Ostwald ripening in
low O, environments and (b) enhanced Ostwald ripening in high O,
environments. In the former (a), oxygen vacancy and surface charging
formation in Al,O3 substrate prevent migration of Fe atoms in a reducing
environment. In the latter (b), oxygen adsorption in Fe particles causes
wetting by several potential mechanisms described in the text.
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strate density, the more mobility). (b) The Al,O; is confirmed
to be amorphous after annealing (Fig. S13t), and the fact that
the Al (2p) binding energy upshift to higher energies under O,
might indicate that AlOx was approaching stoichiometric O
loading (Fig. $141).'°> Note that aluminum itself can occupy
only the 0 and +III oxidation states, and the phenomenon of
oxygen deficiency manifests itself through the non-stoichio-
metric solid. A related phenomenon of oxidation state switch-
ing has been previously reported in zirconia systems,'® but
remains contentious. Last, there is concern that such subtle
shifts in binding energy could be the result of instrumental
tuning, variance, or interpretation errors. Nevertheless, a mea-
surable change in the alumina density corresponded with a
measurable change in the overlying Fe nanoparticle size and
morphology, and chemically-induced changes in the under-
layer could plausibly give rise to changes in the Fe atom
surface migration.

The oxygen adsorption mechanism (Scheme 1b) has more
support in the extant literature. For example, oxygen adsorp-
tion in the supported catalyst is generally reported to lower the
surface tension of the catalytically active metal particles.'®*'
In this theory, the driving force for the metal catalyst dewetting
(i.e., formation of nanoparticles from a thin film) is the differ-
ence in surface energy of the catalytic metal, Fe, and of the
support layer, Al,O; (e.g., 2.12-2.22 ] m~> and 0-0.1 ] m~?,
respectively).’°>'%” In O,-free systems, the Fe nanoparticles
remain in a high-surface-tension status and maintain small
diameters. In abundant O, environments, oxygen adsorption
lowers the surface tension of the nanoparticles and causes
wetting (i.e., catalyst nanoparticle spreading’®®'®®), which
leads to larger diameter particles. For example, at 0.2 H,, there
is a sudden drop in particle height when O, partial pressure
increased from 80 ppm to 100 ppm, while particle diameter
kept increasing, which indicates the formation of flatter nano-
particles (Fig. 3 and 4). Additional postulated mechanisms for
the observed impact of oxygen on particle sintering include:
oxygen’s ability to weaken the metal-metal bond,""® form vola-
tile oxygen-metal complexes,''* and strengthen metal-oxide
support interaction (i.e., leading to a more energetically
favored metal-metal bond breaking from parent nano-
particles),*® thus enhancing the possibility of metal atom
detachment'*° and promoting Ostwald ripening.

In addition to the aforementioned mechanisms, surface
hydroxyl is commonly observed on oxide surfaces,"'” and
thought to have the potential to influence metal atom mobility
on oxide surface.”® Here, if surface hydroxide were playing a role
as Amama et al.>® proposed (i.e., inhibiting metal Fe migration),
we would have observed increased mobility at low O, environ-
ments (ie., low surface -OH). This was not observed. Thus, our
observations are inconsistent with a surface-hydroxide-
controlled mechanism, and this could be due to the instability
of surface hydroxide at high temperature.'**'**

We note that both of these mechanisms are able to satisfac-
torily explain the observed phenomenon of surface migration,
but neither is particularly well suited to describing a sub-
surface diffusion event. Note that Kim et al.,’* and others,"*>™*!”
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have highlighted subsurface catalyst diffusion as a potential
mechanism for termination of VA-CNT growth, but such sub-
surface diffusion was not observed in this study at the end of
the 10 min catalyst annealing. This disparity suggests there
might be a kinetic limitation or temporally-dependent tran-
sition wherein Ostwald ripening or subsurface diffusion domi-
nate the catalyst morphology evolution. Moreover, the presence
of carbon might influence on these two phenomena in the fol-
lowing VA-CNT growth step, but this remains to be conclusively
demonstrated. Uncovering the mechanisms for this process
could be critical to achieving sustained CNT chain propagation.®”

Conclusions

We demonstrated that several hundred ppm of O, could accel-
erate Fe nanoparticle Ostwald ripening, that this effect could
be mitigated by high H, (as expected if O, dominated the
process), and that H,O itself had a minor influence on Fe cata-
lyst nanoparticle evolution. This has important implications
for reproducibility in CNT manufacturing, especially with
regard to challenging O, and moisture control, and VA-CNT
macro-scale alignment and density manipulation. For
example, creating an O,-free annealing environment should be
favorable for consistent catalyst size modulation in practical
CNT manufacturing. Underscoring Oliver et al.’s work,"" this
has been realized by replacing gas permeable, plastic (e.g.,
PTFE) gas delivery tubing with stainless steel tubing to remove
O, from gas supply lines. Alternatively, a H,-rich baking step
can mitigate residual O,. Considering the roles of moisture
(i.e., no effect on catalyst annealing and a potential benefit to
growth at low levels) and the challenge of generating dry
reactor conditions (e.g., via energy-intensive pumping, time-
consuming purging, or specialty, sealed, and automated cata-
lyst delivery systems®®), intentional water vapor addition to
maintain a controlled and stable, low moisture level could be
the best route to maintain manufacturing consistency and pro-
ductivity. Further, taking advantage of O, partial pressures in
annealing phase, one can precisely manage catalyst nano-
particle size and monodispersity, approaching application-
motivated CNT property control. Specifically, high H, and low
O, partial pressure annealing treatment bears the potential to
synthesize SWCNT-enriched or narrow chirality distributed
CNT arrays for thin film transistors,"'® which has potentially
transformative implication for SWCNT manufacturing from
earth-abundant, easy-to-manipulate metal catalysts (e.g., Fe).
However, for large diameter MWCNTSs production, controlling
catalyst film thickness*® might be operationally more straight-
forward than tuning O, content. Nevertheless, since any
atmospheric-pressure annealing condition is beholden to
background oxygen and water vapor, controlling O, is critical
to reduce CNT diameter distributions and limit batch-to-batch
hysteresis and variability within continuous growth processes,
whether from thick or thin films of catalyst. Lastly, the under-
standing of gas species effects on Fe-on-Al,O; system not only
provides a strategy for catalyst morphology control during CNT
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growth, but also should be applicable for other heterogeneous
catalysis reactions, informing the fundamental mechanisms at
play in the sintering processes that go on in many of the most
industrially promising catalytic systems.
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