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A B S T R A C T

Catalyst control is critical to carbon nanotube (CNT) growth and scaling their production. In supported catalyst
CNT growth, the reduction of an oxidized metal catalyst enables growth, but its reduction also initiates catalyst
deactivation via Ostwald ripening. Here, we conducted autonomous experiments guided by a hypothesis-driven
machine learning planner based on a novel jump regression algorithm. This planning algorithm iteratively
models the experimental response surface to identify discontinuities, such as those created by a material
phase change, and targets further experiments to improve the fit and reduce uncertainty in its model. This
approach led us to identify conditions that resulted in the greatest CNT yields as a function of the driving
forces of catalyst reduction in a fraction of the time and cost of conventional experimental approaches. By
varying temperature and the reducing potential of the growth atmosphere, we identified discontinuous jumps
in CNT growth for two thicknesses of an iron catalyst, resulting in largest observed yields in narrow and
distinct regions of thermodynamic space where we believe the reduced catalyst is in equilibrium with its
oxide. At these jumps, we also observed the longest growth lifetimes and a greater degree of diameter control.
We believe that conducting CNT growth at these conditions optimizes catalyst activity by inhibiting Ostwald
ripening-induced deactivation, thereby keeping catalyst nanoparticles smaller and more numerous. This work
establishes a thermodynamic framework for a generalized understanding of metal catalysts in CNT growth, and
demonstrates the capability of iterative, hypothesis-driven autonomous experimentation to greatly accelerate
materials science.
1. Introduction

Carbon nanotubes (CNTs) are a promising material with myriad
applications, including conventional [1–3] and flexible [4] electronics,
nd their strength to weight ratio makes them an ideal component in
tructural composite materials [5–7]. Despite more than two decades
f development as a high performance material [8], CNT synthesis
emains a poorly understood process, due in part to the slow pace
f research: typically 1–2 experiments per day. Understanding of CNT
rowth has increased tremendously due to experimental [9–13] and
omputational [14–19] efforts, but faster, hypothesis-driven, iterative
earch is required for further understanding, ultimately leading to
ommercialization [20].

∗ Corresponding author.
E-mail address: benji.maruyama@us.af.mil (B. Maruyama).

A major component in understanding CNT growth, particularly
single-walled CNT growth, is understanding catalyst behavior. Cata-
lyst morphology has been shown to have a strong effect on several
CNT growth parameters [21], particularly as it relates to CNT di-
ameters [22–24]. Diameter and helicity control of CNTs is critical
for conductivity in aligned CNT materials [25], properties such as
plasmon resonances [26], as well as applications such as molecular
transport [27] and field emission [28].

In supported catalyst chemical vapor deposition, the catalyst is
typically a thin film of a transition metal deposited on a substrate,
often using an additional support layer between the substrate and
catalyst [29]. A critical step in the CNT growth process is reducing
the oxidized catalyst, activating it. This is often performed as its own
step, by exposing the thin film catalyst oxide to high temperatures and
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reducing atmospheres (e.g., H2). The reduced catalyst film dewets the
surface and forms metallic nanoparticles capable of seeding the growth
of CNTs once carbon sources are introduced. Once reduced, the active
catalyst particles continue to evolve through Ostwald ripening [30],
evaporation, migration [31], and other processes [32–35], ultimately
terminating CNT growth. The rates of these mechanisms are dependent
on the growth environment. These environmental effects can broadly be
categorized as oxidizing or reducing conditions relative to the catalyst
material, and are a function of temperature and growth atmosphere
composition. Ostwald ripening in particular is slowed by the addition
of water: oxidation and hydroxyl species reduce catalyst diffusion rates,
prolonging the life of active catalysts [30].

Performing CNT growth experiments in a high-throughput, au-
tonomous experiment system enables searching over a broad range
of growth conditions across multiple reactor parameters. Using this
system, we have previously shown that CNT yield can be maximized
for a fixed set of reactor conditions by choice of iron/carbon catalyst
composition [36]. By controlling temperature and gas flow rates to
modulate oxidizing and reducing conditions for fixed iron catalyst
thicknesses, here we show we can optimize CNT growth by tailoring
the reaction parameters to a specific catalyst, and believe it can be gen-
eralized to arbitrary catalysts. We propose that these optimal reactor
conditions originate from controlled Ostwald ripening; CNT growth in
an environment that is as oxidizing as possible slows the Ostwald ripen-
ing rate, prolonging the early stages of catalyst development, when the
dewetted metallic nanoparticles are smallest and most numerous. This
results in increased catalyst activity and lifetime, increasing CNT yields,
prolonging growth, and producing smaller and more consistent CNT
diameters due to the size distribution of the nanoparticles [30].

2. Methods

Experiments are carried out using a cold-walled supported catalyst
chemical vapor deposition system built on the ARES (Automated Re-
search System) platform [37,38]. This system is able to perform CNT
growth experiments on the order of minutes, while using in-situ Raman
spectroscopy to characterize and apply the results through planning
algorithms to determine the next experiment to run [39].

The supported catalyst structure is built up in three layers: from top
to bottom, these are the thin film Fe catalyst, an Al2O3 support layer,
and the Si/SiO2 substrate. A grid of 10 μm diameter pillars are etched
into the substrate, thermally isolating each pillar. A 532 nm Nd:YAG
aser is used to heat each pillar individually, and the scattered laser
ight is directed into a Raman spectrometer, enabling in situ Raman
pectra to be collected for yield and growth rate information, as well as
emperature control. Further details on the experimental setup, includ-
ng schematics, can be found in previous works [21,36–38,40,41]. The
emperature-dependent Si Stokes Raman peak at 520.5 cm−1 provides
eedback to modulate laser power and maintain the desired temper-
ture. A constant 10 Torr growth atmosphere is created by mixing
2H4 and pre-mixed CO2/Ar gasses of 0.1%, 1%, and 10% CO2. Since
2H4 is highly reducing to the catalyst, CO2 is employed to control
he oxidation/reduction potential of the growth atmosphere. Latent
ater in the growth chamber is measured by a hygrometer and ranged
rom 0.8 to 2.5 ppm throughout all experiments conducted. The entire
rowth is performed as a single step; no separate catalyst reduction or
eat treating steps are performed.
Two experimental campaigns were conducted using different cata-

yst thicknesses. In both cases, 10 nm of Al2O3 is deposited by atomic
ayer deposition on top of the silicon pillars to serve as catalyst support.
he Fe catalyst is then deposited by sputtering at thicknesses of 1 nm
nd 0.3 nm and allowed to oxidize upon removal from the deposition
hamber. Experiments within each campaign are planned according to
emperature and the log ratio of the partial pressures of ethylene and
2

arbon dioxide. s
For each experiment, the in situ and post-growth Raman spectra
re used to confirm the growth temperature and determine CNT yield,
rowth rates, and nanotube diameters, where RBMs are present. CNT
rowth rates are determined by the change in area under the G band
f the in situ Raman spectra, normalized by the area of the Si Raman
eak at 520.5 cm−1. The post-growth spectra are normalized by the area
under the silicon peak to ensure comparability between experiments,
and the CNT yield is calculated by integrating the G band between
1525 cm−1 and 1650 cm−1 after subtracting the noise floor, which we
ave previously used as a proxy yield metric [21,36,38,40,42]. Fig-
re S1 shows sample Raman spectra and scanning electron microscope
mages for high, medium, and low yield results, where the abundance
f CNTs in each image correlates to the relative yield from the Raman
pectra. The weighted average of the radial breathing mode (RBM)
egion of the CNT Raman spectrum is used to determine the average
iameter of the CNTs [11] in each growth experiment where RBM peaks
re observed.

. Results and discussion

The campaigns are conducted in two phases: an exploration phase
o collect seed data, and an autonomous phase, where experiments are
elected by a jump regression active learning planner [43,44]. Active
earning is a machine learning technique where the model being trained
s able to ask for new data. Although an established small data tech-
ique in the machine learning and artificial intelligence communities,
t is a newcomer to materials science and physical experimentation
ore broadly. As such, the terminology is not yet fully cemented, and
everal terms are often used interchangeably. The term ‘‘planner’’ is
ften used to encompass the function of the computer and machine
earning portion of the experiment, and contains two major parts: the
odel and the decision policy. The model is simply the mathematical
epresentation of the output(s) as a function of the input(s). Output(s)
re determined by an objective function, whose role is to determine
scalar value or small set of scalar values that extract the desired
uality (e.g. yield, defect density, concentration, etc.), from a charac-
erization technique, such as spectroscopy or imaging. In the case of
ne output measured as a function of two inputs, the model can be
onceptualized as a surface in 3D space, and although the model can
ave arbitrary dimensionality, it is from this 3D conceptualization that
t gets its other name: a response surface, where experimental outputs
rea represented by a surface that is a function of the experimental
nputs. Equally important to the planner is the decision policy, also
alled an acquisition function. The decision policy is the component
f the planner that actually designs experimental inputs by analyzing
he model and deciding what experiment(s) should be done next based
n according to the objectives and constraints of the experimental
ampaign as described by the researchers [39].
In the context of an autonomous research experimental campaign,

his training loop is summarized as plan, experiment, analyze [39]. In
he plan stage, the algorithm builds a surrogate mathematical model of
he experimental response surface, and chooses an experiment which
t believes will further the design goal of the campaign (e.g. mini-
ize or maximize a response). The experiment stage then conducts
he experiment with the requested conditions, and collects data to
uantify the results. From there, the analyze stage quantifies the results
ccording to the objective function, which handed back to the plan
tage to update the model and repeat the process. The behavior of these
lanning algorithms are often explained in terms of exploration vs.
xploitation search strategies. Exploration is experimenting in sparsely
ampled regions of experimental space with high uncertainty to find
eatures of interest. Exploitation is experimenting within a feature of
nterest to better understand features of interest and identify optimal
onditions within the feature. These two phases of planning can be done

imultaneously, alternating between sampling methods, or sequentially,
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Fig. 1. CNT yield as a function of temperature and reducing potential of the growth gases, expressed as the log ratio of the partial pressures of ethylene, carbon dioxide, and latent
ater. The planned experiments targeting the jump in yield (triangles, circles are seed experiments) were designed by the jump regression planner (final jump boundary shown
s black splines), and establish peak CNT growth conditions, with poorer yield both above and below the jump. In the 0.3 nm (a) campaign, the planned experiments achieved a
maximum yield two times greater than maximum seed experiment yield, and similarly, the 1 nm (b) campaign planned experiments maximum yield is three times greater than the
maximum seed data yield.
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where the entire space is explored first with low resolution, followed
by exploitation of the various features.

For the campaigns conducted in this work, we opted for the serial
approach of distinct exploration and exploitation phases. For the ex-
ploration phase, seed points were determined by a simple space-filling
design for the 1 nm catalyst film and by a Latin hypercube design for
the 0.3 nm film. Latin hypercube sampling divides a space into a square
grid, and selects experiments to sample each row and column only
once [45]. This sampling provides a low resolution map of the whole
experiment space, an ideal starting point for the optimization problem
handled by the second phase of the campaign.

Jump regression is a new technique used to identify discontinuities
in data and fit piecewise Gaussian process response surfaces using inde-
pendent regression models separated by these discontinuities [43]. The
planner begins with a single, continuous response surface, and when
a threshold is met in the slope of the surface, the surface is split into
multiple piecewise-defined surfaces separated by jump discontinuities.
Future experiments are then selected based on a mean square prediction
error criteria to improve the estimation of the jump locations based
on past results [44]. While ordinary Gaussian processes are known to
handle discontinuous response surfaces gracefully, the jump regression
technique is distinct in that it is designed to target the jump(s). The
result is a collection of connected points on one or more splines that
represent the jump discontinuity.

We expect a discontinuity in the response surface due to a few possi-
ble factors: iron oxide does not catalyze CNT growth and must undergo
a phase change to facilitate the reaction, and in addition, CNT synthesis
has been demonstrated to require an activation energy to diffuse carbon
atoms through the active catalyst material [46–48] below which CNTs
will not grow. By incorporating these expected dynamics into the
experiment planning algorithm, we create a physics-aware model more
capable of identifying the area of interest in the response surface. The
first 25 experiments for the 0.3 nm campaign are performed according
to a Latin hypercube design, followed by additional iterations of five
experiments targeted by the jump regression planner for a total of 50
experiments. A similar procedure is followed for the 1 nm campaign,
with 32 seed experiments chosen by a space-filling design, followed
by 53 jump regression-planned experiments. This directed, iterative,
and hypothesis-informed approach to experimental design significantly
reduces the required time and without sacrificing fidelity compared to
conventional full-factorial experimental campaign approaches.

Fig. 1 shows the yield results of each catalyst campaign. Circles
represent experiments part of the seed data and triangles are used for
3

the jump regression planned experiments. Darker filled color indicates a
greater CNT yield. The final jump spline identified in each experimental
campaign is overlaid to each set of results in black. Growth in the
1 nm campaign tapered off at the most reducing end of the campaign,
so further reducing conditions were not explored. Greater yields were
observed for the 1 nm catalyst compared to the 0.3 nm catalyst, due to
the increased catalyst volume and the longer lifetimes shown in Fig. 3.
Additionally, the thinner catalyst film will be more affected by catalyst
mass loss due to subsurface diffusion [33]. Identifying and targeting the
jump enabled the planner to achieve double and triple the greatest CNT
yields compared to the 0.3 nm and 1 nm campaign seed experiments,
respectively.

Towards our hypothesis, in both campaigns, the best growth occurs
along, or otherwise very near, the jump spline, with little growth
occurring under less reducing conditions (lower temperature, lower
C2H4 to CO2 and H2O ratio), and significantly diminished growth
at greater reducing potential. The jump splines exhibit an inverse
relationship between growth temperature and the amount of reductant
in the growth atmosphere, that is, less reducing atmospheres require a
higher temperature to produce CNTs. This behavior is consistent with a
process of thermodynamic origin, since these quantities both contribute
to the overall thermodynamic energy.

Computing the Gibbs energy for each experiment requires an ap-
proximate overall chemical equation for our CNT synthesis. The overall
reaction can be built up from generalized process steps: ethylene re-
duces iron oxide and forms active metallic iron catalyst, CNTs, and
water; and carbon dioxide oxidizes metallic iron. Problematically, there
are three primary forms of iron oxide: FeO, Fe2O3, and Fe3O4. While all
of these oxides likely exist on the surface, the final step in the reduction
pathway before CNT growth is FeO [49], and additionally, only FeO
and Fe3O4 can coexist with metallic iron, and FeO is thermodynami-
cally preferred above about 600K [50,51], so we only consider FeO.
This results in the following overall reaction:

C2H4 + 4FeO ⇌ CO2 + CCNT + 4Fe + 2H2O (1)

s a plotting convenience, we will break from chemistry convention
nd reverse this reaction, placing our desired product on the left.
his is done so that Figs. 1 and 2(a) have their regions of reducing
conditions in the top right and oxidizing conditions in the bottom left.
Reversing the written reaction also has the effect of flipping the sign of
all Gibbs energy quantities; spontaneous reactions now have positive
Gibbs energy values. This chemical equation then becomes:
CO2 + CCNT + 4Fe + 2H2O ⇌ C2H4 + 4FeO (2)
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Fig. 2. (a) CNT yield results (same coloring as Fig. 1, size also related to yield) on temperature versus natural log of the reaction quotient 𝑄 (Eq. (4)). Contours represent the
Gibbs energy at each point. The jump regression discontinuities (black splines) agree with the direction of the Gibbs energy contours, suggesting a thermodynamic origin. The
positive Gibbs energy values calculated are consistent with driving the reaction in Eq. (2) to the left (CNT production). The jump regions of best growth for each catalyst thickness
separate entirely in thermodynamic space, accompanied by precipitous decline in CNT yield away from the jump region. (b) Cumulative yield via G band area for both campaigns
binned by Gibbs energy. Results show the thermodynamic analysis collapses the effects of temperature and the three growth gases into a single Gibbs energy value.
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𝐺

Here we use reversible reaction notation to demonstrate our ability to
alter the direction of the reaction by changing the temperature and
relative concentrations of the constituent materials. Since C2H4 is not
thermodynamically stable under the conditions of the reaction, the
rightward reaction oxidizing the iron branches, creating trace amounts
of carbon, oxygen, and hydrogen containing molecules that we do
not believe meaningfully contribute to the reaction due to their low
concentrations, combined with the constant gas flow and low reactor
residence time (≪1 s at typical gas flow rates). The change in Gibbs
energy for this reaction is

𝛥𝐺 = 𝛥𝐺0 + 𝑅𝑇 ln (𝑄) (3)

with a standard Gibbs energy change of 𝛥𝐺0 = −90.3 kJ∕mol for
reaction (2) [52,53], and where 𝑄 is the reaction quotient:

𝑄 =
[C2H4]1

[CO2]1[H2O]2
(4)

Fig. 2(a) shows the experimental results plotted on 𝑇 vs. ln (𝑄) axes,
here 𝑄 is the reaction quotient shown in Eq. (4), with bulk thermo-
ynamic contours of the Gibbs energy (Eq. (3)) and total CNT yields
bserved in each campaign as a function of Gibbs energy. Only gasses
ntroduced to the growth chamber were considered in approximating
he reaction quotient 𝑄, as well as latent water vapor in the chamber
nd any water introduced as contamination in the compressed gasses.
hile water is evolved as a result of the chemistry described in Eq. (2),
t is in quantities below the sensitivity of the hygrometer. Fig. 2(b) also
hows the cumulative CNT yield binned by Gibbs energy for each film
hickness campaign.
Shown on common axes, it is clear that the optimal growth re-

ions identified by the jump splines for each catalyst thickness do
ot overlap, that is, they share no common reactor conditions that
roduce significant CNT growth. This demonstrates the extent to which
he thickness of the catalyst bed affects the optimal reactor conditions
or CNT synthesis. This effect was previously shown by repeating the
ame reaction over a gradient of catalyst thicknesses, demonstrating
n optimal catalyst thickness for a given set of reactor conditions [36],
nd we show as a complementary result here that optimal and distinct
eactor conditions exist for a given catalyst thickness.
The jumps identified by the jump regression planner align well with

he thermodynamic contours of Gibbs energy, further indicating they
re thermodynamic in origin. We observe that CNT growth occurs only
nder conditions that favor the reduction of the catalyst metal, that
s, at Gibbs energies that drive the reaction leftward. However, growth
4

oes not begin at the point at which catalyst reduction is predicted
o become spontaneous (𝛥𝐺 = 0). Fig. 2 shows that both catalyst
ilm thicknesses begin to grow CNTs at conditions where the overall
ibbs energy is ∼140 kJ∕mol, which we term the growth onset 𝛥𝐺.
aximum growth is observed at a higher Gibbs energy of ∼170 kJ∕mol,
ear the jump identified by the planner. This shows that the reduction
f the catalyst material is a necessary, but not sufficient criteria for
NT growth to occur, and this formalism suggests the existence of an
dditional energetic barrier for effective CNT growth.
This additional energetic barrier could be the result of the catalyst

nd support forming a mixed metal oxide which is harder to reduce
han pure FeO. The alumina catalyst support has been shown to interact
trongly with the iron catalyst [33,54,55], and the rough surface and
xygen-deficient nature of ALD alumina promote mixed oxide forma-
ion. This mixed oxide should reduce at energies between the reduction
f FeO and that of Al2O3 [56], which is ∼1400 kJmol−1 more difficult to
educe than FeO. The additional ∼140 kJmol−1 needed for CNT growth
ere indicates that the catalyst is behaving like a 90%/10% mix of FeO
nd Al2O3.
We also note that the magnitude of the jump Gibbs energy is similar

n magnitude to previous estimates for the activation energy of CNT
rowth which range from 130 kJ∕mol to 150 kJ∕mol for various reactor
ystems utilizing both supported and floating iron catalysts [46–48].
his value is commonly attributed to the diffusion of carbon into the
atalyst particle due to similarity with the activation energy for the
iffusion of carbon in the 𝛾-Fe lattice, although some authors have
ttributed it to reactant absorption or surface reactions [47].
Since the hydrocarbon fuel concentration increases with increasing

eduction potential, we might expect CNT yields to increase as reactor
onditions become more reducing, however, we observed a marked
ecline in the measured G band area. This decline is typically attributed
o carbon overcoating the catalyst particle [57], and while this is likely
contributing factor, we propose that increased Ostwald ripening rates
re also contributing to faster catalyst death above the jump region.
ncreased reduction potential with respect to the catalyst increases the
riving force for Ostwald ripening, and thereby decreases yield by de-
reasing catalyst number density and decreasing catalyst lifetime [30,
8,59]. Fig. 3 shows representative growth rates for Gibbs energies
t, above, and below the jump spline for each catalyst film thickness
ampaign. The growth rates are determined from the area under the G
and for each Raman spectrum collected during the experiment, and
he resulting data is fit with the following curve [40]:

(𝑡) = 𝜈𝜏
(

1 − 𝑒
−𝑡
𝜏
)

(5)
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Fig. 3. Sample in situ growth curves from 0.3 nm (a) and 1 nm (b) catalyst film thicknesses. Representative dataset is chosen from each region of the results: purple is at the jump
egion, red is below the jump (more oxidizing), and blue is above the jump region (more reducing). For both catalyst film thicknesses, the experiments all begin at similar growth
ates, and decrease at different rates. The most reducing conditions (above jump) see the fastest decline in growth rate and shortest growth duration, followed by conditions more
xidizing than (below) the jump, with the jump region exhibiting both the slowest decline in growth rate and the longest overall growth time. (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of this article.)
a
r

The fit parameters of the growth curve are the growth rate, 𝜈, and
he catalyst lifetime, 𝜏. In terms of the lifetime, we see a significant
ncrease at the jump compared to the other conditions. In particular,
e see a 20- to 30-fold increase in lifetime in the 0.3 nm Fe film
rom 1 s to 2 s to 30 s, and a 3- to 5-fold increase in the 1 nm Fe
ilm from ∼100 s to ∼400 s in the data presented in Fig. 3(b), and
p to ∼700 s in the most extreme case, not shown since the CNTs
egan to incandesce towards the end of the growth and saturated the
aman spectrometer. The similar initial slopes of each growth rate
urve in Fig. 3 indicate similar levels of catalyst activity at growth
nset, when the catalyst material first reduces. In these earliest stages
f growth, the nanoparticle catalysts are at their smallest and most
umerous and quickly begin to ripen as a function of the reaction
onditions [30,33]. The most stable particle diameter under Ostwald
ipening is an implicit function of the population diameter distribution,
s well as material and environmental terms [58,59]. This leads to
he smallest particles experiencing the fastest mass loss and the entire
opulation growing in diameter on average and decreasing in number
ntil the surface-energy driven mass migration is balanced by other
aterial and environmental forces. This earliest Ostwald ripening of the
mallest particles is therefore the fastest and most difficult to control,
eading to the early decrease in growth rate observed most clearly in
ig. 3(b) as the discrepancy between the fit curves and data points in
he earliest seconds of growth, particularly for the results below and at
he jump. Above the jump, in more reducing conditions due to higher
emperature and carbon and hydrogen concentration, we observe the
astest decline in growth rate and the quickest termination of growth,
ndicating reducing conditions accelerate catalyst deactivation. Below
he jump, where CNT growth occurs, growth rates decline slower, and
rolonged growth is observed compared to growth above the jump,
ndicating that more oxidizing conditions are conducive to increased
atalyst lifetimes. These effects reach a balance at the jump region,
here the growth rate declines the slowest, and the longest overall
rowth durations are observed, demonstrating that operating in as
xidizing an environment as possible slows catalyst deactivation.
The best observed catalyst lifetimes are on the order of one to

everal minutes, which are consistent with previous results from our
roup [20,21,36–38,40], but short compared to many supported cata-
yst literature results. We believe there are a few contributing factors
o our overall shorter than average lifetimes due to the specifics of the
etup, that do not preclude these results from being applicable in a
eneral supported catalyst setting. The two biggest differences between
ur experimental setup compared to typical supported catalyst systems
n the literature are that our reactions are performed at low pressure,
5

p

Fig. 4. Average CNT diameter distributions for the 1 nm Fe (b) campaign as a function
of the Gibbs energy. Raman spectra were collected using 532 nm, 633 nm, and 785 nm
lasers. Mean diameters were calculated by finding the intensity-weighted average
RBM location [11] for each laser individually, then binning each laser line result in
a given Gibbs energy range. The distribution of average diameters narrows as the
reaction becomes more oxidizing (lower Gibbs energy), indicating better control of
CNT diameters under these conditions, and therefore better control of the Ostwald
ripening of the catalyst bed.

10 Torr in this case, and that we explicitly desire sparse growth, not
forests, since the CNT forest occludes the silicon substrate from the
laser, which is where we derive our temperature feedback.

Consistent with slowed Ostwald ripening kinetics resulting in a
prolonged smaller diameter and more numerous nanoparticle catalyst
bed are the observed average diameters of CNTs near the jump. Fig. 4
shows the distribution of average CNT diameters as a function of Gibbs
energy. Three Raman laser lines were used to collect the diameter
information: 532 nm, 633 nm, and 785 nm. To determine the average CNT
diameter in a given Raman spectrum, an intensity-weighted average of
the RBM region is calculated between 80 cm−1 and 280 cm−1 [11], and
converted to a diameter using the equation:

𝑑𝑡 =
227

√

𝜔2
𝑅𝐵𝑀 + 0.05786

(6)

where 𝑑𝑡 is the CNT diameter, 𝜔𝑅𝐵𝑀 is the RBM frequency in cm−1,
nd the values 227 and 0.057 86 are fit and environmental parameters,
espectively, whose values were determined in the same work that
roduced the equation [60]. An average diameter was determined for
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each Raman laser line, and individually contribute to the distributions
in Fig. 4, which are grouped by reaction Gibbs energy similarly to
Fig. 2(b). In some cases, RBMs were observed for some but not all
excitation wavelengths. In these cases, that laser was excluded from
the distributions in Fig. 4. As the Gibbs energy trends towards more
reducing conditions (higher Gibbs energies), the spread of average
diameter increases, indicating a greater spread of nanoparticle catalyst
diameters. This is consistent with poor control of Ostwald ripening.
This trend is clearly observed in the 1 nm catalyst film. In the case of
the 0.3 nm film (Figure S2), we observed similar diameter distributions
across all Gibbs energy values. We believe this difference is due to the
increased relative impact of catalyst subsurface diffusion on the thinner
film.

4. Conclusion

By autonomously performing CNT growth experiments across two
catalyst thicknesses and a wide range of temperatures and growth
atmosphere compositions, we find optimal growth conditions for each
catalyst thickness lay along a narrow band in thermodynamic space.
The thermodynamic regions of optimal growth, while energetically
very similar, do not overlap one another for the two catalyst thicknesses
tested here, and indeed, yield declines precipitously outside the narrow
respective optima. The optimal growth splines were determined using
an active learning jump regression algorithm targeting the largest yield
discontinuity within thermodynamic space. The mechanism behind
these discontinuities is posited to be either catalyst metal oxide reduc-
tion or an activation energy beyond catalyst reduction, likely diffusion
of carbon atoms through the iron catalyst particles.

This work identifies narrow thermodynamic islands of optimal CNT
growth with no overlap between regions for the two catalyst film
thicknesses tested (0.3 nm and 1 nm), demonstrating the powerful effect
of catalyst thickness on CNT yields for fixed reactor conditions. It also
offers salvation from this effect: demonstrating that different reactor
conditions are required to optimize different catalyst thicknesses, and
indeed, that different catalyst thicknesses can be optimized at all.

In addition to the yield gains observed near the jump, we observe
longest catalyst lifetimes and the best control over CNT diameters. We
attribute this behavior to thermodynamic control of nanoparticle cata-
lyst kinetics, inhibiting Ostwald ripening by conducting CNT growth
in the most oxidizing conditions that will sustain it. Our thermody-
namic treatment of catalyst reduction in CNT growth coupled with
the jump regression algorithm provides a generalizable approach for
further study of different metal catalysts, as well as a roadmap to
create engineering tools to scale CNT production, and highlights the
importance and capabilities of autonomous, hypothesis-driven machine
learning experimentation in materials science.
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