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We explore deep injection (DI) floating catalyst chemical vapor deposition (FCCVD) for carbon nanotube (CNT)
growth, focusing on momentum and heat transport effects. By systematically changing process gas composition,
we study the effects of gas physical properties on reactor productivity while preserving other process parameters.
DI causes a colder jet to penetrate deep into the reactor, creating an axial recirculation near the reactor walls. We
find nitrogen and argon are interchangeable due to similar transport properties. Increasing the helium fraction in
the process gas lowers jet momentum, reducing its length and recirculation size; beyond a certain level, the
changes in reactor flow pattern cause a productivity drop. Increasing hydrogen fraction affects the flow and
thermal profiles similarly; but productivity decreased further due to the chemical effects of hydrogen, preventing
the formation of active species. Computational fluid dynamics simulations suggest that high productivity of DI
reactor is associated with the colder jet meeting hotter recirculating gases, creating local conditions for catalyst
formation in the presence of activated carbon precursors at the jet/recirculation interface. Under optimum
conditions, we achieve ~13 % methane conversion, >90 % CNT selectivity, and ~430 mg/h productivity, among
the highest results reported so far. This work provides valuable insights for designing efficient CNT reactors.

1. Introduction to fabricate macroscopic CNT materials such as direct-spun and

solution-processed fibers [3-7], films [8-12] and foams [13]. However,

Carbon nanotubes (CNTs) are a class of promising nanomaterials
with unique properties [1,2], which could find use in numerous indus-
trial applications if efficiently produced at large scale and with quality.
Currently, the floating catalyst chemical vapor deposition (FCCVD)
method is considered the most technologically viable approach for
industrial-scale production of high-quality few-walled CNTs (FWCNTs)
because it enables continuous CNT growth without substrates, has great
potential for scalability, and requires minimal post-synthesis purifica-
tion [2]. Moreover, the FCCVD process yields high-quality CNTs suitable

FCCVD reactor designs and processes are still at an early point in
development due to the incomplete understanding of reaction mecha-
nisms and reactor flow phenomena, which yields inefficient use of the
reactor volume and bottlenecks in production rates [14]. Current in-
dustrial scale production of FWCNTs is limited to a few producers
worldwide (OCSiAl, Meijo Nano Carbon, Huntsman Corporation, Tor-
tech Nano Fibers), operating reactors with 1-100 ton/year capacity
[15]. Most academic FCCVD reports show process feedstock conversion
to solid carbon of less than 1 % and high dilution of carbon feedstock
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with hydrogen or inert gases, clearly not suitable for commercial
adoption [16], and likely lagging behind the industrial state-of-the-art
[17].

FCCVD involves the decomposition of carbon feedstock (typically
hydrocarbon) over metal nanoparticles, usually formed in situ, acting as
both a catalyst and a template for the growing CNTs. A commonly
accepted but simplified reaction mechanism [18-20] states that CNT
growth takes place when two conditions are simultaneously satisfied:
catalyst nanoparticles of the correct size (one to few nanometers) [20,
21] are formed and a sufficient feed rate of reactive carbon species is
supplied. In other words, CNT growth requires synchronization of
catalyst particle formation with carbon feedstock activation to avoid
catalyst overgrowth or early deactivation. The synchronization of the
processes is complicated by the coupling of catalyst aerosol dynamics
and feedstock decomposition kinetics with non-uniform temperature
profiles and complex flow patterns of gases inside the reactor. The way
these processes interplay is specific to individual reactor configurations
and operating conditions, and their idiosyncratic nature has been a
major challenge to the intensification of FCCVD processes over the past
two decades. As a result, FCCVD exhibits low catalyst utilization (only a
small amount of injected catalyst participates in growing CNTs), high
carbon feedstock dilution, and low conversion of carbon feedstock when
high-quality product is required.

In 2021, Lee et al. [22] reported that some FCCVD limitations could
be overcome to simultaneously achieve higher reaction productivity and
CNT quality. The authors recapitulate the importance of gas recircula-
tion previously identified [23] in a high temperature gradient of clas-
sical FCCVD reactors, observed both upstream and downstream of
reactor hot zone. They suggested that injecting the gas mixture (reacting
gases, process gas, and catalyst precursors) directly into the hot zone
beyond the inlet recirculation zone via a long, narrow injection cannula,
could help prevent catalyst trapping in the upstream recirculating
vortices. Preventing this catalyst trapping helps maintain a small size of
catalyst particles, which is essential for FWCNT synthesis. Unlike the
more common near-unidirectional Poiseuille-like flows in FCCVD re-
actors [19,24], deep-injection causes a high-velocity jet to move through
the center of the reactor tube, which drives more complex flow and
temperature patterns within the main body of the reactor, where CNT
growth occurs. Thus, we expect gas physical properties (density, thermal
conductivity, etc.) should significantly affect flow patterns and CNT
growth, in general. Although earlier work has considered various pro-
cess gases [25], to our knowledge the effects of gas mixture physical
properties on reaction performance have not been investigated
systematically.

Here, we study the effect of transport phenomena within a deep-
injection FCCVD reactor via a systematic selection of process gas (gas
besides feedstock) compositions. We show that, for efficient CNT syn-
thesis, the mixture of gases exiting the cannula must have sufficient
momentum (i.e., a sufficiently high Reynolds number) to drive a large
recirculation in the main reactor body (hot zone), which brings hot gases
to the reactor front via recirculation along the reactor walls. We also
show that the radiative coupling of the injection cannula to the reactor
walls is important, providing efficient pre-heating to the process gases.
We infer that the CNT growth happens where the hotter recirculating
gases, containing activated carbon species, meet the colder freshly
injected gases, containing catalyst.

2. Materials and methods
2.1. Synthesis of CNTs by FCCVD

A horizontal three-zone electrically-heated furnace equipped with a
mullite tube (length of 1.36 m with an inner diameter of 6.35 cm) was
used to synthesize CNTs. The furnace wall temperature was set to
1200 °C in all zones. Methane was the carbon feedstock and was
introduced at 117 SCCM (hereinafter, 25 °C and 1 atm reference
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condition). In the baseline recipe, two process gases were introduced
together with methane: hydrogen (1702 SCCM) and argon (2844
SCCM). A portion of the total argon flow rate (1461 SCCM) was used as a
carrier gas for catalyst precursors delivery consisting of 1457 SCCM for
ferrocene and 4 SCCM for thiophene. All gas flow rates were controlled
by MC Series Alicat mass flow controllers providing 0.5 % reading ac-
curacy. Ferrocene was delivered into the reactor via sublimation (bath
temperature: 57 °C) and thiophene via a bubbler evaporator (bath
temperature: —6 °C) at near ambient pressure of 103.4 kPa. The esti-
mated average residence time in the hot zone was 7.5 s (detailed
calculation can be found in supplementary information). An alumina
injection tube with an ID of 4.78 mm and wall thickness of 0.78 mm was
utilized with an injection depth of 18 cm from the reactor tube front end,
optimized for the baseline recipe. Details of the experimental parame-
ters in the baseline recipe are summarized in Table 1 and a schematic of
the experimental setup can be found in Fig. 1.

The optimal recipe yields ~430 mg/h (7.17 mg/min) of CNTs
(quantified after purification), or 1.53 mg/L productivity when
normalized by the total gas normal flow rate (4.663 SLPM), with 13.0 %
conversion of methane into solid carbon, 96.4 % CNT selectivity (car-
bon), 4.7 % residual iron and CNT aspect ratio (ratio of length to
diameter) of ~7000 (see below for the definition of the reactor and
product metrics). For comparison, a 6.1 % conversion at 1.88 mg/L
productivity (6 mg/min at 3200 SCCM) was reported by Lee et al. [22];
Zhang et al. [12] reported higher conversion (up to 25 %) but did not
report productivity. Note that the optimized HiPco reactor typically
produced ~1 g/h at a gas flow rate of ~500 SLPM, i.e., HiPco had a
conversion of 0.007 % and productivity of about 0.033 mg/L.

To better understand the effects of process gas on the CNT growth,
we controlled the process gas composition by replacing argon (Ar) in the
baseline recipe with nitrogen (N3), helium (He), or hydrogen (Hj)
(denoted as substituting gases hereinafter). For consistency, we main-
tained the same total gas flow rate (to maintain the same approximate
residence time), methane (CH,4) flow rate, and delivery rates of ferro-
cene and thiophene (by maintaining the same sublimation/evaporation
conditions (carrier gas flow rate, temperature and pressure) of the
catalyst precursors); where necessary, we changed carrier gas type, as
described in section 3.3. The molar fraction of each gas species at con-
ditions covered in this study is shown in Table 2, and specific gas flow
rates in each test of the study are found in SI Table S1. To ensure min-
imum effect of impurities on the synthesis process, we utilized Ultra
High Purity grade gases from Airgas (99.999 % for Ar, Ny, He, Hy and
99.99 % for CHy).

2.2. CNT characterization

We utilize a previously published purification process to remove

Table 1
Experimental parameters in the baseline conditions.

Baseline Reaction Conditions

Reactor size (cm) Inner Hot zone
diameter length
6.35 91.4
Reactor temperature (°C) 1200
Reactor orientation Horizontal
Reactor tube material Mullite
Gas flow rate (SCCM) CH4 Hy Ar
Total gas flow rate: 4663 SCCM 117 1702 2844
H,/CH4 input molar ratio 14.5
Residence time in the hot zone (s) 7.5
Target catalyst precursor and growth promoter Ferrocene Thiophene
flow rate (mg/h)
Target S/Fe input molar ratio: 0.27 130 16.1
Injection tube material Alumina
Injection tube ID (mm) 4.78
Injection depth (cm) 18
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Fig. 1. Schematic of FCCVD CNT synthesis reactor. Yellow shaded process lines are heated to prevent ferrocene condensation. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Experimental gas compositions using Ar, N, He, Hy, and their combinations as process gases. Numbers in paratheses refer to using No/He/Hj as catalyst carrier instead
of Ar.
Tested Conditions Ar (baseline recipe) No He H,
Gas content (mol%)
CH,4 2.5
x of Ha 36.5 46.5; 56.5; 66.2; (67.8); 97.5
Ar 61.0 61.0-y 97.5x
y of inert gas 0 29.7; (31.3); 61.0 10.0; 15.0; 20.0; 29.7; (31.3); 55.0; 61.0 0

carbon impurities and residual catalyst via air oxidation followed by a
concentrated hydrochloric acid wash [26-28]. The purification is opti-
mized to yield CNTs that can be dissolved in strong acids and converted
into fibers via solution spinning, or “spinnable CNTs” [29]. The mass
changes at the first purification step are used to calculate the fraction of
spinnable CNTs (hereafter just CNT); residual catalyst is calculated via
the second purification step (we find that this value is consistent with the
thermogravimetric analysis, see SI). Details of the standard purification
method and composition calculation are reported in the SI.

The conversion of CH4 to solid carbon (Equation (1)) and the CNT
selectivity (Equation (2)) can be derived from these sample composition
values. The mass of output solid carbon is obtained by subtracting the
catalyst mass measured via TGA and acid wash from the mass of
collected material.

_ Mass of solid carbon
"~ Mass of carbon from input CH,

(€8]

CH, to solid carbon conversion (%)

Mass of CNTs

NT selectivity (%) =
ONT selectivity (%) Mass of output solid carbon

@

Thus, the mass of CNTs per mass input of carbon can be defined as
the product of conversion and selectivity.

We also apply thermogravimetric Analysis (TGA) using Mettler
Toledo TGA/DSC 3+ to quantify the composition of iron residual in as-

produced samples. The ramp conditions and TG curves are included in SI
(Fig. S1). We collect the residual iron in weight percentage assuming the
remaining product after the ramp is Fe3Os. The remaining mass (%)
curve as a function of ramp temperature with iron residual noted for key
growth conditions (0 %, 30 %, 61 % of substitution process gas No/He/
Hj) can also be found in SI following the ramp conditions. Raman
spectra, collected on a Renishaw InVia Confocal Raman microscope, are
used to determine CNT crystallinity by employing the ratio of the peak
intensities of the G and D bands (Ig/Ip) [30] with the 532 nm excitation
laser wavelength. Spectra are collected at multiple spots for each sample
and values are averaged to account for potential sample heterogeneity.
CNT aspect ratio is determined by measuring the extensional viscosity of
dilute solutions of CNTs in chlorosulfonic acid [31], enabling the mea-
surement of an ensemble-averaged aspect ratio of CNTs (which correlate
with the mechanical and electrical properties of fibers made from CNTs
[6]). At least three measurements are performed for each sample, and
the average values are reported. We obtain the CNT diameter distribu-
tion and CNT number of walls statistics using high-resolution trans-
mission electron microscopy (HR-TEM) with an FEI Titan Themis [3]
model at a 300 kV accelerating voltage, measuring 50 CNTs per sample.
Nitrogen-carbon bonds in samples are detected by X-ray photoelectron
spectroscopy (XPS) on a Thermo Scientific Nexsa G2 spectrometer, using
monochromatic Al-Ka X-ray radiation (1.486.6 eV) with a selected spot
size of 400 pm. The samples were analyzed with a spectra resolution of
0.100 eV at a constant analyzer pass energy of 20.000 eV. Three
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measurements are performed for each sample to account for heteroge-
neity in the surface composition. The data are analyzed and processed
using Avantage software, where the atomic surface composition is
calculated based on built-in sensitivity factors for different elements and
peak areas after the Shirley background subtraction.

2.3. CFD simulation and reactor temperature profile measurement

To elucidate the phenomena within the reactor, we conduct CFD
simulations using CatalyticFoam [32,33], a numerical framework
capable of accurately solving the three-dimensional, time-dependent
Navier-Stokes equations in conjunction with mass and energy balances.
Simulations are done under the simplifying assumption of steady flow
and non-reacting gases to approximate the baseline fluid mechanics and
transport that occur in the absence of CNT synthesis. Note that this
assumption is expected to capture reasonably well the fluid dynamics
within the reactor before CNT growth starts. In most experimental
conditions, growing CNTs form an aerogel that moves toward the end of
the reactor. The presence of the aerogel likely affects the flow and
temperature profiles; however, considering that the CNT volume frac-
tion in the reactor is
Menr Pgas.

~
~

. ~ 1077 ©)
Mgas Pont

and could be about two orders of magnitude higher in the aerogel
formation region, the fact that the aerogel appears to form at the
interface of the jet and the forward-moving section of the vortex, we
expect that the simulations should still capture the main flow features (e.
g. recirculation vortex)—although the aerogel will undoubtedly affect
the detailed flow features. This is consistent with the experimental ob-
servations that the aerogel moves along the reactor and that aerogel
formation causes only minimal changes in the upstream reactor pressure
(below 1 kPa, i.e., less than 1 % of the operating pressure). Most
importantly, aerogel formation is unlikely to affect the relative flow
features—i.e., shorter jet at lower injection Reynolds number. Addi-
tional details on the specific models are available in the SI.

The simulations are performed in a digital reconstruction of the
FCCVD reactor. Information on the geometry reconstruction and mesh
generation can be found in the SI. An experimentally measured static (no
flow) temperature profile is applied as a boundary condition to the
reactor wall, as depicted in SI Figure S3. The injection cannula is
incorporated into the simulations as a zero-thickness thermal resistance
layer, with a known thermal conductivity (based on ~20 W/m-K and
thickness of 0.8 mm). Radiative heat transfer between the reactor walls
and outer surface of injection cannula is considered using the finite
volume discrete ordinate method, specifying the emissivity of the lateral
walls and the outer surface of the cannula. Detailed boundary conditions
and the simulation setup are also provided in the SI

To provide boundary conditions to the CFD, wall temperature was
measured via a thermocouple placed near the wall, as was done in
previous works [23,24,34]. To minimize radiative effects, the thermo-
couple was enclosed in alumina shield (9.5 mm diameter) and coated
with hBN. Measurements under both static and flowing conditions show
minimal influence from convection. The measured temperature is within
5 °C range of the furnace zones setpoint (1200 °C) in the heated section,
and the presence of flowing gas does not significantly alter the measured
wall temperature profile (Fig. S4), indicating that heat conduction along
the furnace wall and radiative coupling of opposing furnace walls
dominate the wall temperature over convective heat exchange to the
gas. Direct centerline temperature measurements were not conducted
because inserting a shielded thermocouple in the injection cannula
would alter the flow and transport to the point of preventing meaningful
comparisons with CFD.

The injection temperature is the gas temperature at the exit of the
injection cannula (values in SI Table S2), derived from CFD simulations,

Carbon 238 (2025) 120259

averaged across the cross section of the cannula. We used calculated
temperature instead of direct measurements by thermocouple, because
thermocouple placement inside the cannula would disrupt the fluid flow
and change the temperature profiles inside the cannula. Moreover,
radiative coupling of thermocouple with the reactor walls may cause
significant deviations of measured value from the actual gas tempera-
ture. Hereafter, dimensionless numbers are calculated using the CFD
derived injection temperature.

3. Results and discussion
3.1. Physical properties of process gases and key dimensionless numbers

Ar [35,36], N3 [37,38], He [39], and Hj [34,40] are common process
gases utilized in the FCCVD CNT growth process. They serve multiple
purposes, including carrying catalyst precursors into the reactor,
diluting the reacting gases, controlling the residence time within the
reactor (without changing the feedstock flow rate), and, in the case of
H,, controlling the decomposition of the precursors and feedstock. In
our baseline process (a modification of Lee et al. [22] optimized to our
reactor configuration), a binary process gas composition (Hy and Ar)
was used in addition to CHy as the carbon source. The simplest overall
reaction to produce CNTs from CHy is

A and catalyst

CH4 CCNT + 2H2 (4)

Of course, a complex network of reactions occurs within FCCVD
reactors and Hj is an active process gas that directly participates in the
CHy4-to-CNT reaction network. The presence of Hy is known to inhibit
CH4 homogeneous pyrolysis by decreasing active carbon species for-
mation rate and quenching the methyl radicals [41]. It can be beneficial
in moderate amounts (increase CNT selectivity and quality by reducing
competing non-catalytic or homogeneous reactions [3,14]) or harmful
in excessive concentrations (impede the production of active carbon
species required to initiate CNT growth and reduce productivity).
Additionally, Hy is known to have other chemical effects such as
accelerating ferrocene decomposition [42] and etching of carbon im-
purities [43].

Although Ar is chemically inert and does not directly participate in
reactions, its physical properties—such as density, thermal conductivity,
and viscosity—can still impact CNT synthesis through heat, mass and
momentum transfer effects. For instance, radial and axial thermal gra-
dients in the reactor that may induce buoyancy-driven (thermo-
convective) secondary flows that may impact reactor performance. Hy
influences the reaction environment not only through its chemical
reactivity but also due to its own physical properties—it is much lighter,
more thermally conductive, and less viscous compared to Ar. However,
chemical and transport effects of H, cannot be disentangled directly. To
address this, we use He: it shares similar physical properties with Hy
while also being chemically inert like Ar, allowing us to isolate and study
the transport effects of Hy without confounding chemical interactions.
We also study the use of Ny as an alternative to Ar; the physical prop-
erties of Ny are very similar to Ar, though it could have some degree of
reactivity at high temperatures (>1000 °C) of the FCCVD environment
[44]. Later we show that N5 does not react meaningfully at tested con-
ditions (see section 3.3 and 3.4). Selecting these four gases allows
rational design of reaction compositions where we develop a symmetry
between higher molecular weight (Ar/Ns) and lower molecular weight
(He/Hy) gases.

We employ dimensionless numbers to describe the transport phe-
nomena inside the reactor. All physical properties are evaluated at the
injection temperature. These injection temperatures are obtained from
CFD simulations at the end of the cannula and are provided in SI
Table S2. The Reynolds number (Re) (Equation (5)) represents the ratio
of convective to diffusive momentum transfer; it is a fundamental
parameter identifying the formation and spreading of the jet [45,46].
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Re — 4m
= dp (Tig) ®
where m is mass flow rate (obtained from MFC readings), d is the
characteristic length (in our case, the injection cannula diameter), T is
gas temperature at the injection point, and y is the dynamic viscosity of
the injected gas mixture, estimated by Wilke’s method (see Supple-
mental Information).

A lower Re indicates reduced influence of fluid inertial force,
resulting in a faster dissipation of the injection jet. The Rayleigh number
(Ra) (Equation (6)) — representing the time scale ratio for diffusion and
convective heat transport — characterizes the buoyancy-driven convec-
tion in the reactor tube, which could interact with the injector jet and
affect the heat transfer within the flow:

Ra=GrxPr= gATD? o (Ti"j)p(Ti"j)z (6)
#(Tiw) k(Tiy)

where g is the acceleration due to gravity, f is the gas volumetric thermal
expansion coefficient, AT is the temperature difference between the
reactor wall and gas at the outlet of the cannula, D is the characteristic
length (in our case, the reactor diameter), ¢, is the specific heat capacity
at constant pressure, p(Ty,) is the density, and k(Ty) is the thermal
conductivity for gas mixture calculated at injection temperature. Ra is
the product of the Grashof number (Gr), which measures the relative
influence of buoyancy versus viscous forces, and the Prandtl number
(Pr), which compares momentum diffusivity to thermal diffusivity.
Higher Ra corresponds to stronger buoyant convection and may induce
cross-stream secondary flows in the reactor tube [47]. Re and Ra cal-
culations as well as additional dimensionless numbers are provided in
the SI (see Table S2). Note that there are six additional independent
geometrical dimensionless numbers (length of the furnace tube/inner
diameter of the furnace tube; outside diameter of the cannula/inner
diameter of the furnace tube; thickness of the cannula wall/diameter of
the cannula; length of the cannula/inner diameter of the furnace tube;
distance between the reactor flange and the first heated section/reactor
tube diameter; length of heated section/reactor length) which are kept
constant throughout this study. The effect of these parameters may play
a role for intensifying the reaction (i.e., attaining a higher CNT pro-
ductivity for the same gas flow rate) and determining scaling laws for DI
reactors (i.e., accommodating higher gas flow rates by changing reactor
size); however, this study cannot by itself provide guidance for scaleup
because the reactor size and gas flow rates were not varied. Specula-
tively, if the size of the reaction zone is limited by mass transport across
the interface between the jet and the recirculating gas (as discussed
further), increasing the diameter of the reactor would only yield a linear
increase in productivity (rather than quadratic, as would be expected
when utilizing most of the reactor cross section); such scaling would be
unfavorable for large-scale production of CNTs.

We start by analyzing changes in dimensionless numbers as a func-
tion of different degrees of Ar substitution by No, Hy, and He. Fig. 2 il-
lustrates that substituting Ar by N5 results in minimal changes to Re and
Ra; therefore, we hypothesize that this replacement would not alter
reaction performance. In contrast, substituting Ar by He leads to both
lower Re and Ra. A similar effect is observed when Ar is substituted by
Ho, but its reactivity should also be considered. In fact, through sys-
tematically choosing gas compositions, one can distinguish between
transport and chemical (in the case of Hy) effects of the process gases on
synthesis in terms of deep-injection FCCVD. At a given composition, we
would expect Hp and He to have nominally the same reaction perfor-
mance if only transport effects are at play. Any significant difference we
attribute to Hy chemical effects when other process parameters are held
constant.
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Fig. 2. Injection Reynolds number (Re) and Rayleigh number (Ra) as a function
of substituting process gas concentration (concentration of Hyo/He/N, replacing
Ar in the baseline recipe). The solid line refers to injection Re and the dashed
line refers to injection Ra. Injection Re/Ra is defined as the values at the in-
jection point. Temperatures used to calculate Re and Ra were predicted by CFD
for each condition. The baseline recipe is marked as a red diamond, corre-
sponding to 0 % gas substitution. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

3.2. CFD study of process gas composition effects

Based on our analysis of the dimensionless numbers, we conducted
CNT growth experiments by substituting Ar with gradually changing
amounts of He, Hy, or Ny (Table 2 and detailed conditions in SI
Table S1), supported with CFD simulations. Fig. 3a shows temperature
and velocity maps for the baseline case, consisting of 2.5 % CHy, 36.5 %
H, and 61 % Ar (hereinafter, all concentrations are molar basis unless
otherwise stated; results for other conditions can be found in SI
Figure S5). The temperature map illustrates that the injected gas forms a
jet that persists for several reactor diameters into the reactor, consistent
with theoretical estimates for laminar jets [48] (Re = 458). This jet sets
in motion a large axial recirculation that moves gases from the down-
stream sections to the upstream sections of the reactor. The jet also
transports colder gas deep into the reactor’s hot zone, creating a sig-
nificant temperature difference between the jet and furnace walls. The
jet tends to bend toward the bottom wall of the reactor due to the effects
of the density gradient, which induces a secondary flow perpendicular to
the reactor axis, driven by natural convection, more pronounced,
characterized by high Ra (~14000). This secondary flow increases the
radial mass flux towards the colder center of the reactor, including the
cannula—in fact, the top wall of the cannula is about 100 K hotter than
the bottom according to simulations. As the jet moves downstream and
heats up, this cross-stream secondary flow diminishes. However, the two
recirculation flows remain interconnected (the streamlines are not
closed), creating an overall flow pattern that resembles two swirling
flows occupying the symmetrical halves of the reactor (Fig. 3b).
Representative pathlines, illustrating the movement of the jet within the
reactor and the recirculation of reactor gases back to the front end, are
presented for both velocity and temperature maps in SI Figure S7 for the
baseline case.

The axial recirculating cell, depicted in blue, extends from the hot
zone to the area upstream of the injection point. The high-velocity jet
from the cannula (middle of the red zone) and the gas moving upstream
in the axial recirculation (blue) demonstrate how heat and mass return
to the reactor front before rejoining the central stream (outer portion of
the red zone). This main recirculation, driven by the jet momentum
conservation, couples with the secondary flow, driven by natural con-
vection, leading to complex flow patterns within the reactor. Impor-
tantly, the axial recirculation transports heat upstream, heating both the
gas within the injection tube and the external portion of the jet. Because
of the cross-stream secondary flow, this effect is particularly pronounced
on the top side of the cannula, while the bottom part remains in contact
with much colder gas. Fig. 3a shows cross-sectional views of the
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Fig. 3. (a) Temperature and velocity maps as well as calculated recirculation index as a function of reactor axial distance in a length of 1.36 m of the baseline case
(61 % Ar). Cross-sections of the thermal and velocity maps at an injection depth of 18 cm are also included below. The velocity map is truncated at +1.2 m/s to
highlight upstream flow regions, and the full velocity profile can be found in SI Figure S6. (b) Axial (left) and angular (right) velocity cross-sections at a depth of 80
cm in a 1.36 m reactor for the baseline case (61 % Ar, 36.5 % Ha, 2.5 % CH,). Streamlines highlight two symmetric swirling flow regions occupying the reactor
halves. The angular velocity map highlights rotational flow patterns of significantly lower magnitude than axial velocity, contributing to vortex formation and

enhanced mixing.

temperature distribution at the injection plane, which highlights that
both natural convection and radiation from the lateral walls to the
cannula are important in establishing the overall temperature profile.
While color maps are useful for visualizing recirculation patterns in
reactors, they provide only qualitative information. In a steady-state
process, mass conservation dictates that the net mass flux across any
plane perpendicular to the reactor axis, including the cross-section of the
cannula, must equal the total inlet mass flow. Thus, any upstream mass

flow is necessarily balanced by a downstream mass flow in addition to
the flow arising from gas injection, which allows us to quantify the
extent of recirculation by comparing the magnitude of the mass flow in
the upstream direction to the injected mass flow, as shown in Equation
(7). Hereinafter, we refer to this value as the recirculation index.

. . Mypstr
Recirculation Index = —2=2m

)

Minjected
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We use the recirculation index to convert qualitative information
from the color maps into a quantitative scalar value. When plotted along
the reactor axial dimension, the recirculation index shows two distinct
peaks, one upstream and one downstream of the injection point. The
point of reduced recirculation (the minimum recirculation index) con-
nects the upstream and downstream cells. The index also shows a single
recirculation zone, with gas moving upstream from the downstream
recirculating gas, not directly from the cannula. Changing gas compo-
sition moves the second recirculation peak upstream when Re is
reduced, as the jet from the cannula penetrates shallower into the
reactor. Despite this, the two main recirculation zones remain connected
in all cases examined (SI Figure S5). Notably, the maximum strength of
the recirculation (measured by the recirculation index) shows little
change as Re is lowered—however, at lower Re the recirculation index
decays rapidly to zero downstream the reactor. Moreover, the simula-
tion shows that temperature difference between the top and bottom of
the cannula is significant, meaning that recirculating gas effectively
heats the top of the cannula.

3.3. Effects of process gas composition on CNT growth yield and
selectivity

Fig. 4 presents the experimental results of CNT growth using
different process gas compositions that range from enrichment in high-
density gases (Ar and Ny) to compositions dominated by low-density
gases (Hy and He). Additionally, CFD velocity maps at selected con-
centrations (0 %, 30 %, 61 %) for each process gas type are shown to
facilitate analysis. Fig. 4a shows that CHy to solid carbon conversion
remains almost unchanged when Ar is replaced with N», even at com-
plete substitution, meaning Ar and Ny perform similarly due to their
comparable physical properties. Since Re and Ra are nearly the same,
the flow pattern for the 61 % Nj case is similar to the baseline, with a jet
length spanning the whole hot zone of the reactor. When Ar is
substituted with lighter He (Fig. 4b), the recirculation shrinks in length
due to lower Re, but does not affect the CH4 to solid carbon conversion
until the He concentration exceeds ~30 % (Re = 264); beyond this
concentration, conversion starts dropping and reaches 5.1 % when Ar is
fully substituted by He (Re = 84). Notably, Ra decreases concomitantly
with the Re as the He concentration is increased; this leads to
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progressively weaker buoyancy-induced secondary flows and a more
symmetric velocity profile. Substituting Ar with Hy (Fig. 4c) causes an
initial increase in conversion, peaking at 10 % H substitution (46.5 % of
total gas, Re = 393), followed by a rapid drop at higher Ha contents.
Because Re and Ra are nearly the same in the cases of He and Hj sub-
stitution, we attribute the difference in conversion to chemical effects of
increased Hj concentration. In fact, at ~30 % substituting gas concen-
tration, conversion is 11.1 % in the case of He and has dropped to 3.0 %
in the case of Hy. Beyond this point, both transport effects and chemical
effects lead to further decline in conversion, until it drops to 0.17 % at
complete Hy substitution (Hy/CH4 input molar ratio ~40) which is a
~80x decrease from the highest CH4 conversion (compared to a ~2x
drop in the case of full He substitution). This much higher Hy/CH4 ratio
suppresses the conversion by inhibiting the formation of reactive carbon
species, and the nature of the chemical effects of H, will be the subject of
a future publication.

CFD simulations give further insights into experimental productivity.
To interpret the velocity profiles quantitatively, the jet length is iden-
tified as the distance between injection point and the point where the
recirculation index falls to zero (or near-zero), as demonstrated in
Fig. 3a. Recirculation index plots and corresponding jet lengths for each
process gas composition can be found in Supporting Information (see
Fig. S5). The length of an isothermal, laminar jet expanding in a circular
duct [48] can be estimated from Re:

lmix“RejetDreactor 8

The plot of jet length vs. Reje;Dreqctor derived from CFD simulations is
provided in SI Figure S8; although the jet is not isothermal, the calcu-
lated length follows Equation (8) (R? of 0.88).

The reduction in jet length is primarily due to the lower density of
the gas resulting in a smaller momentum of the stream (see Fig. 5a) and
is accompanied by smaller cross-stream buoyancy-induced secondary
flows. According to our results higher conversion is observed for
experimental conditions (carrier gas concentration) establishing profile
with high length of the jet (Fig. 5b). In fact, reaction productivity in He
substitution case is relatively unaffected by jet length when the jet is
longer than ~0.45 m (corresponding to a Re of approximately 260), and
the reaction drops with decreasing jet length, which correlates with Re
falling below ~90, indicating a threshold nature of jet length effect.

@ Base case

UY (m/s)

Fig. 4. CH4 to solid carbon conversion as a function of substituting process gas concentration of (a) N», (b) He and (c) H, (Ho/CH,4 is changing). Velocity profiles at
three selected concentrations (0 %, 30 %, 61 %) for each process gas are shown on the right. The velocity maps are truncated at +1.2 m/s to highlight upstream flow
regions and the full velocity maps can be found in SI Figure S6. The baseline recipe is marked as a red diamond, corresponding to 0 % gas substitution. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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details in SI can be found in SI). The baseline recipe is marked as a red diamond,
corresponding to 0 % gas substitution. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

When He is replaced with Hy, both chemical effects and transport phe-
nomena come into play as Hy concentration increases, leading to a
negligible conversion at the total substitution of Ar. Conversely, the
higher reaction yield observed under baseline and Ny substitution con-
ditions can be attributed to the longer jet. Therefore, our observations
suggest that the jet length is the key factor influencing reaction con-
version, with the reaction likely nearing completion by the time the flow
reaches a critical length (might be shorter than the 0.45 m in 30 % He
conditions). Based on these experiments and simulations, it is not
possible to determine whether and how strongly conversion is influ-
enced by the buoyancy-induced flows, which also bring heat from the
lower reactor wall to the central reaction zone. These aspects could be
studied by comparing horizontal and vertical reactors operating in the
same conditions; this will be a matter of further research.

CNT selectivity (Fig. 5¢) is maintained when Ar is replaced by Nj.
Therefore, we find no measurable difference in the CNTs produced with
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Ar or Ny, indicating that N, does not participate in the reactions at these
reactor conditions. We further confirm N chemical inertness by XPS of
the samples, which find no incorporation of Ny in the CNTs (details can
be found in SI Figure S9 and Table S3). Thus, we conclude that Ar and Nj
can be used interchangeably as inert process gases for CNT production at
our reaction conditions. Unlike CH4 conversion, we find that CNT
selectivity is not strongly influenced by transport effects—in fact, high
selectivity is maintained at a full replacement by He, even though con-
version drops by a factor of two. However, chemical effects present at
elevated Hy content (where the Hy/CH4 ratio is ~40) are important, as
shown by the 27 % reduction in the percentage selectivity; likely, for-
mation of active species is suppressed in the reactor zone where the
catalyst particles reach their optimal size; in fact, we find high residual
Fe percentage (81 %) in the collected material, which is consistent with
a larger proportion of carbon-coated catalyst particles (TEM images can
be found in Fig. S10).

Additionally, the effects of substituting different process gases on
recirculation patterns are illustrated by the temperature profiles and
cross-sections at the injection plane (Fig. 6a-c). Notably, temperatures
above the injection cannula are higher with strong recirculation in Ar
and N cases due to their higher Ra, indicating a greater tendency for
natural convection flows. These flows stir the gas, mixing hotter and
cooler regions. Conversely, Hy and He with lower Ra exhibit reduced
convection flows, resulting in a more uniform temperature distribution
across the cross-section as their concentration increases. This demon-
strates how variations in natural convection (Ra) significantly influence
recirculation and temperature distribution. The flow pattern also shows
cross-stream recirculations caused by buoyancy, especially when
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Fig. 6. Temperature maps for (a) a full replacement of Ar by N5 (61 % N5), (b)
a full replacement of Ar with He (61 % He), and (c) a full replacement of Ar
with Hj (61 % Hy). A cross-section of the thermal map at an injection depth of
18 cm is also included in each case. (d) The mass-averaged temperature at the
injection tube outlet with radiation incorporated as a function of substituting
process gas concentration (concentration of H,/He/N, replacing Ar in the
baseline recipe). The injection depth is 18 cm, and the baseline recipe is marked
as a red diamond corresponding to 0 % gas substitution. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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changing gas composition. We cover a Ra range from ~14000 to 17000
for baseline/full N, substitution cases, with a distinct feature of
buoyancy-driven flow, to Ra~200-500 for full He/H, substitution cases,
with almost axially symmetric flow pattern. However, in our tested
conditions, buoyancy effects are suppressed only within the conditions
that provide low reaction outcomes due to decreased jet length. Videos
of the forming catalyst particle cloud (which serve as flow tracers) are
consistent with the CFD simulations showing a collimated jet that bends
downward in the middle of the reactor, splits into two lobes, and turns
upward closer to the end of the heated zone at high Re & Ra, vs. a
relatively uniform flow profile across the reactor cross section at low Re
& Ra (Fig. S12).

It is worth mentioning that in CFD simulations, we also examine the
thermal environment within the injection cannula, as it may serve to
preheat the process gases. Fig. 6d shows the temperature inside the
cannula at the injection point, for various process gas types and com-
positions. Simulations are run with radiative heat transfer from the
reactor walls to the cannula and gives ~200 °C higher gas temperature
at the end of the injection cannula, compared to case without radiative
(gas temperature without radiation incorporated can be found in SI
Figure S13). Therefore, the injection tube operates as a preheater, which
not only bypasses the thermal gradient at the front end but also raises
reactant temperatures when exposed to the hot zone, and this pre-
heating mechanism might beneficially contribute to synthesis effi-
ciency in the deep injection method.

We find that injection temperatures depend on process gas condi-
tions and might influence reaction productivity. The highest tempera-
ture observed is for the 61 % He case, with a gas temperature at the end
of the injection tube reaching 757 °C, about 160 °C higher than the base
case at 597 °C, according to CFD simulations. The 61 % He case yields a
~2x drop in conversion compared to the baseline case, which could be
due to excessively high injection temperature as observed in the original
DI-FCCVD process [22]. To check whether the lower conversion is due to
higher injection temperature, shorter jet length, or both, we run ex-
periments using the base case gas composition and a deeper injection to
have a higher injection temperature; we find that CHy4 to solid carbon
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conversion improved with injection temperature in the baseline condi-
tions, 13 % increase at 707 °C and 36 % increase at 812 °C, while CNT
selectivity is maintained (data can be found in SI Figure S14). Therefore,
it appears that the drop in conversion in the He case is due to a shorter jet
length rather than a higher injection temperature.

3.4. Effects of process gas composition on CNT quality

We examine the effects of process gas type and composition on CNT
quality using Raman Ig/Ip ratio (to index crystallinity) and aspect ratio
as key metrics because these factors govern solution-spun CNT fiber
properties. Fig. 7a-b shows Raman Ig/Ip ratios at 532 nm laser wave-
length and Fig. 7c-d presents aspect ratios of purified samples (CNTSs)
from selected growth conditions. The quality of produced CNTs gener-
ally follows the same trends as the CHy4 to solid carbon conversion: high
crystallinity (Raman Ig/Ip ratio ~90-110 at 532 nm) and high aspect
ratio (above 6000) are obtained when conversion is above ~10 %,
whereas lower crystallinity (below 50 at 532 nm) and lower aspect ratio
(below 3000) are measured when conversion falls below 5 %. Because
the measured aspect ratio changes range from 2000 to 11000, the syn-
thesized FWCNTs would yield fibers in a broad range of strength and
electrical conductivities—in addition to being synthesized at various
productivities [6]. Therefore, across a broad range of conditions,
deep-injection FCCVD can simultaneously yield high CNT conversion
and high CNT quality, which may seem unexpected (usually higher CNT
productivity is accompanied by a drop in quality [49]). TEM analysis of
the samples (SI Figure S15), produced at different gas compositions,
reveals that most of CNTs are single- and double-walled. More details on
CNT diameter, aspect ratio and wall number can be found in SI
(Table S4). N3 is also found to be interchangeable with Ar when reactor
productivity and product quality metrics are considered. Beyond the
fundamental point, the interchangeability of Ar with Ny as an inert
process gas is important for economic and sustainable reasons because
N> has significantly lower embodied energy (44x lower than Ar on a
molar basis [50]), higher abundance and much lower cost, all favorable
in production scaling.
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Fig. 8. Scheme of suggested mechanism of DI FCCVD reactor.

3.5. Mechanism of deep injection reactor

As discussed in section 3.3, the most productive synthesis conditions
correspond to flow profiles with higher jet length. Thus, we propose the
following mechanism of DI FCCVD synthesis (Fig. 8). We infer that CNT
growth occurs at the interface between the colder jet containing freshly
injected catalyst and hotter co-flowing recirculating gas, containing the
activated carbon source. This leads to the “right sequencing” of catalyst
formation and carbon feedstock activation, essential for FCCVD CNT
growth. A sufficiently long jet may be necessary to provide enough re-
action surface area at higher temperatures, explaining the presence of
threshold jet length value (see Fig. 5b). However, more evidence is
needed to arrive at a definitive mechanism.

4. Conclusion

We studied the effects of transport phenomena and chemical
composition on a performance of deep injection FCCVD reactor by a
process gas study, achieving CH4 conversion of 13 %. We control inde-
pendently transport and chemical effects by using N, and He as
substituting process gases, beyond the original Ar and Hp, used in the
baseline recipe. We find that a complete substitution of Ar by N5 does
not lead to noticeable changes in material yield and quality, which is
attributed to their comparable physical properties and inertness.
Notably, using Na instead of Ar enables a more sustainable and
economically viable synthesis process. Conversely, reaction perfor-
mance drops off when He or Hy becomes a principal component of a
process gas mixture, likely because the jet length becomes shorter due to
the lower density of He and Hy. We also show that Hy concentration has
a drastic impact on reaction productivity due to a combination of
chemical and transport effects. We believe these results provide useful
considerations for further scale-up and intensification of the deep-
injection method.

Furthermore, based on both experimental and computational in-
dications, we propose an extended mechanism of deep-injection syn-
thesis, showing that the use of an injection tube not only helps bypass
the front recirculation zone but radiatively pairs with the reactor wall,
serving as an efficient pre-heater and impacting the thermal environ-
ment throughout the reactor. A central recirculation is driven by the gas
jet emerging from the cannula, transporting hot gas from the down-
stream portion of the reactor upstream and keeping the reactor walls
clean. This central recirculation flow is crucial for achieving high re-
action productivity, as CNT growth is expected to occur primarily at the

10

interface between the cooler feed gas (containing the catalyst precursor)
and the hotter recirculating gas enriched with activated carbon species
(presumably C; compounds). These insights underscore the complex
interplay between coupled chemical reactions, thermal dynamics, and
flow patterns within the reactor, which could pose challenges to further
intensification of this reactor configuration while also offering guidance
for designing more efficient reactors in the future.
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