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Carbon is a critical material for existing and emerging energy applications and
there is considerable global effort in generating sustainable carbons. A
particularly promising area is iron-catalyzed graphitization, which is the
conversion of organic matter to graphitic carbon nanostructures by an iron
catalyst. In this paper, it is reported that iron-catalyzed graphitization occurs
via a new type of mechanism that is called homogeneous solid-state catalysis.
Dark field in situ transmission electron microscopy is used to demonstrate
that crystalline iron nanoparticles “burrow” through amorphous carbon to

phase molecular species at a solid catalyst
surface. In the realm of materials science,
the concept of catalysis expands to include
growth of solid materials from nanopar-
ticles. Here, precursor species dissolve in
a liquid or solid nanoparticle and a new
material grows from the nanoparticle, typ-
ically in the form of a nanowire or nan-
otube. The function of the catalyst is to
provide a surface for nucleation of the

generate multiwalled graphitic nanotubes. The process is remarkably fast,
particularly given the solid phase of the catalyst, and in situ synchrotron X-ray
diffraction is used to demonstrate that graphitization is complete within a few

minutes.

1. Introduction

In chemical and biochemical processes, catalysts are typically de-
fined as homogeneous or heterogeneous. Homogeneous cata-
lysts are molecular species that drive reactions of other molec-
ular species in the gas or liquid phase. In contrast, heteroge-
neous catalysis involves the reaction of liquid, solution, or vapor

1D nanostructure and to facilitate diffu-
sion of atoms from the precursor to the
growing material surface. Catalytic growth
is used widely in research and industry
to produce metal, chalcogenide and oxide
nanowires,l!) and carbon nanotubes.[?! This
type of catalytic outgrowth is called vapor—
liquid—solid (Figure 1a), vapor—solid—solid,
solution-liquid-solid, solution-solid-solid, or solid-liquid-solid
(Figure 1b) growth, depending on the physical phase of the pre-
cursors, catalyst, and product, respectively.?!

Whatever the type of catalyst, there is a need for movement. Re-
actants need to diffuse to the active site on homogeneous or het-
erogeneous catalysts and products need to move away. In the case
of 1D nanostructure growth, precursors need to be transported to

R. D. Hunter, |. Isaacs, Z. Schnepp
School of Chemistry

University of Birmingham
Birmingham B152TT, UK

E-mail: z.schnepp@bham.ac.uk

M. Takeguchi, A. Hashimoto

Center for Basic Research on Materials
National Institute for Materials Science
Tsukuba, Ibaraki 305-0047, Japan

K. M.Ridings, S. C. Hendy
Department of Physics

The University of Auckland

Auckland 1010, New Zealand

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202404170

© 2024 The Author(s). Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adma.202404170

Adv. Mater. 2024, 36, 2404170 2404170 (1 of 10)

D. Zakharov

Center for Functional Nanomaterials
Brookhaven National Laboratory
Upton, NY 11973-5000, USA

N. Warnken

School of Metallurgy and Materials
University of Birmingham
Birmingham B152TT, UK

S. Fernandez-Mufioz, |. Ramirez-Rico
Instituto de Ciencia de Materiales de Sevilla (ICMS)
Universidad de Sevilla-CSIC

Sevilla 41092, Spain

E-mail: jrr@us.es

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH


http://www.advmat.de
mailto:z.schnepp@bham.ac.uk
https://doi.org/10.1002/adma.202404170
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:jrr@us.es
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202404170&domain=pdf&date_stamp=2024-07-16

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Vapour
Liquid precursor
catalyst

Solid nanowire

Liquid
catalyst

Solid nanowire

— —

Substrate

www.advmat.de

>

Nanowire
growth direction

Solid
precursor

Figure 1. Schematic of a) vapor-liquid—solid and b) solid—liquid—solid catalytic growth of 1D nanostructures with arrows showing the direction of
transport of atoms. c) Scanning electron microscope (SEM) image of nanotubes formed from pyrolysis of cellulose with iron nitrate (reproduced with

permission from reference 5).

the catalyst interface, atoms need to diffuse through the catalyst,
and the nanowire or nanotube needs to grow out from the cata-
lyst. Because of the multiple transport mechanisms required, it
is reasonable to assume that at least one phase in a catalytic pro-
cess must be a liquid or gas. In this paper, we demonstrate the
first catalytic system where the precursor, catalyst and product
are all solids.

The system in question is catalytic graphitization.[*l When or-
ganic matter (e.g., biomass or biopolymers) is mixed with iron
salts and heated in an inert atmosphere, the organic molecules
decompose into amorphous carbon and the iron salts form iron
or iron carbide (Fe;C) nanoparticles. On further heating (~700-
800 °C), the catalytic nanoparticles convert the amorphous car-
bon matrix to a dense network of nanotubes made up of lay-
ered graphene sheets (Figure 1¢).’) These are analogous to mul-
tiwalled carbon nanotubes but are irregular in shape. Fracture
planes of graphitized biomass show that the nanotubes pene-
trate through the sample, indicating that the catalyst particles
travel through the whole amorphous carbon matrix. Transmis-
sion electron microscopy (TEM) has been used to show that
the catalyst particles move along irregular pathways through the
amorphous carbon, leaving a graphitic nanotube trail behind
them.[®] The fast movement and liquid-like appearance of the
catalyst particles have led many authors, including ourselves, to
assume that the catalyst is in the liquid state.”"'% We now re-
port that graphitization actually occurs via rapid diffusion of a
crystalline catalyst particle through a solid amorphous carbon
matrix. This detailed insight into the mechanism of graphiti-
zation will enable much better understanding and prediction
of structure—property relationships in carbons from catalytic
graphitization.

2. Results and Discussion

2.1. In Situ Transmission Electron Microscopy

Iron-doped amorphous carbon powder (prepared from iron ni-
trate and cellulose) was heated to 900 °C in a transmission elec-
tron microscope (TEM). Video footage at 800 “C (Video S1, Sup-
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porting Information; and Figure 2a) shows that the graphiti-
zation process is characterized by rapid movement of liquid-
like particles through the amorphous carbon matrix. The move-
ment is irregular, with particles continuously stopping and start-
ing, and the average speed was estimated as 4 nm s™'. The
particles travel along irregular pathways and closely follow the
edge of the carbon sample, showing no evidence of outgrowth
from the carbon surface. As the particles move, they dissolve
amorphous carbon from the matrix and deposit trails of graphi-
tized carbon in the form of nanotubes (Video S2, Supporting
Information; and Figure 2b,c). The nanotubes are irregularly
shaped with walls made up of stacked layers of straight or
curved graphene sheets, (Figure 2d). During continued heat-
ing, the particle movement becomes more sporadic. Particles ap-
pear to stop moving when they have exhausted their supply of
amorphous carbon and become surrounded by graphitic mate-
rial. A helpful analogy for this is the old mobile phone game
of snake, where the head of the snake can become trapped
in coils of its own body (Figure 2e). Many particles continue
to show liquid-like behavior after their fast movement stops
and can be seen to move slightly within the cavity they are
trapped in (Figure 2f). Selected area electron diffraction and
high-resolution imaging of particles that had stopped moving
showed patterns characteristic of crystalline iron (Figure S1,
Supporting Information) or iron carbide (Figure S2, Supporting
Information).

Dark field TEM footage was collected by selecting diffraction
spots using the objective aperture and using electrons diffracted
along that angle to generate images.['!l This method is used to
show bright contrast only for crystalline particles that are diffract-
ing electrons along the selected angle range. The dark field TEM
video footage of this sample (Video S3, Supporting Information)
shows that fast moving catalyst particles alternate between bright
and dark as they move (Figure 3a). The observation of particles re-
maining continuously bright for sections of movement through
the carbon matrix (Figure 3b) confirms that the particles are crys-
talline, while they are catalyzing graphitization. The alternating
between bright and dark indicates that the particles are chang-
ing crystallographic orientation as they move. It could be argued
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Figure 2. a) Sequence images from TEM video at 800 "C showing catalyst particles moving rapidly through an amorphous carbon matrix. b) Images
from a video at higher magnification showing a single catalyst particle generating a multiwalled graphitic nanotube (dashed line indicates the edge of the
amorphous carbon). c¢) Schematic of catalyst particle movement with dissolution of amorphous carbon at the front edge of the catalyst and deposition
of a graphitic nanotube at the back edge. d) TEM image showing the multiple graphitic walls of a nanotube. e) Schematic of the mobile phone game
“snake” showing the snake becoming trapped. f) Images from TEM video of a catalyst particle that has become trapped but continues to move slightly.

that the dark/bright alternation is a result of sequential melting
and solidification. However, this would be energetically a lot less
favorable than particle rotation as it would involve consumption
and release of latent heat. Crystalline grains are known to ro-
tate readily in polycrystalline systems during deformation and
annealing.'? Similarly, Wang et al. observed that Co-W-C alloy
catalyst particles would rotate during the formation of carbon
nanotubes from a C,H, feedstock and were able to measure the
changes in orientation of the catalyst nanoparticles.!’*] However,
in this work, the rotation of the catalyst particles appears to be
extremely fast, making it challenging to quantify in the same
manner.
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2.2. In Situ Synchrotron X-Ray Diffraction

In situ synchrotron X-ray diffraction (XRD) data supports the in
situ TEM observations. Iron-doped amorphous carbon was pre-
pared from cellulose and Fe(NO,), and heated to 400 ‘C in N, to
remove volatile organic pyrolysis products. The sample was then
heated under N, at 5°C min~" to 800 "C in the synchrotron beam.
Heat maps of the diffraction data (Figure S3, Supporting Infor-
mation) show the appearance of very broad peaks for iron oxide.
The broad nature of the peaks makes refinement difficult but
the sudden appearance of the peaks at 600 'C suggests they are
caused by carbothermal reduction of Fe,0, to FeO, (wustite).**]
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Figure 3. a) Images from dark field TEM video at 900 °C showing a catalyst particle moving through the amorphous carbon matrix and alternating
between dark and bright appearance. b) Images from dark field TEM showing a particle remaining bright for a section of movement, proving that the
catalyst is crystalline during movement.

An expanded section of the heat map (Figure 4a) shows that tion of the catalyst. A plot of normalized graphite peak intensity
sharp peaks for Fe/Fe,C emerge around 750 'C. A peak corre-  (Figure 4c) shows that graphitization is largely complete within
sponding to the interplanar spacing of graphitic carbon (Q = 10 min. This confirms that the in situ TEM observations of fast
1.8 A1) evolves alongside the Fe/Fe,C peaks (Figure 4b), indi-  catalyst movement are consistent with the bulk behavior of the
cating that graphitization commences immediately after forma-  system.
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Figure 4. a) Heatmap showing diffracted intensity as a function of scattering vector magnitude Q and measurement time for in situ diffraction measure-
ments in the range ~700-800 °C. The right panel shows the temperature program used for the experiment. b) Scattered intensity recorded at different
temperatures during in situ synchrotron X-ray diffraction showing evolution of the (002) graphitic peak (left panel) and Fe-containing phases (right
panel). ) Normalized graphite peak intensity and d) mass fraction of a-Fe, y-Fe, and Fe;C obtained from Rietveld refinement of diffraction data as
a function of measurement time and plotted alongside reaction temperature. ) Differential scanning calorimetry data from bare cellulose fibers (red
line) and cellulose fibers impregnated with Fe(NO3); solution (blue line). The inset shows a small endothermic peak at ~605 °C due to carbothermal
reduction of the oxide nanoparticles.
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Rietveld refinement was used to calculate phase compositions
for iron-containing crystalline phases as a function of temper-
ature. Three crystalline phases were considered for the refine-
ments: Fe,C (cementite), a-Fe (ferrite), and y-Fe (austenite). It is
important to understand that weight fractions are calculated by
determining the relative contribution (scale factor) of each phase
to the total diffracted intensity, normalizing to 100%, and that the
absolute contribution of each phase is unknown. This means that
during the early stages of graphitization and Fe/Fe,C crystalliza-
tion, the values for the scale factors are relatively low and there-
fore the weight fractions have large uncertainties (more details
can be found in the Supporting Information). Figure S4 (Support-
ing Information) shows the evolution of the crystalline domain
size for each phase, indicating an increase in crystallinity of all
the iron-containing phases alongside the growth of the graphite
peak. An example of a single refinement showing all three Fe-C
phases is shown in Figure S5 (Supporting Information) and full
refinement details are available in the Supporting Experimental
Information. Figure 4d shows the weight fraction of each of the
three iron phases during the graphitization step. At the onset of
graphitization, the primary crystalline phase is a-iron. During
graphitization, this phase largely disappears, with y-iron becom-
ing dominant and Fe;C (cementite) also increasing. This is con-
sistent with the phase diagram for iron/carbon.[*! The complex
mixture of phases makes it impossible to conclude which is re-
sponsible for catalytic graphitization and it is possible that more
than one iron phase is catalytically active for graphitization. In
chemical vapor deposition (CVD) synthesis of carbon nanotubes,
there is evidence that Fe and Fe,;C can both act as catalysts but for
different types of carbon nanotube (straight and bamboo-like).!1¢]
The rapid emergence of y-Fe and Fe,C alongside graphitization
in the cellulose system could indicate that both phases are cat-
alytic here.

When the sample is held at 800 °C for 2 h, the crystallographic
composition stays constant (Figure S6, Supporting Information).
On cooling, y-iron is replaced by the lower temperature a-iron
phase (Figure S7, Supporting Information). This is accompanied
by a small increase in the graphite peak intensity (Figure S8, Sup-
porting Information). Carbon is more soluble in y-iron than a-
iron,['”l so it is likely that the additional graphitic carbon is precip-
itated during the iron phase transformation. The fact that carbon
is precipitated from the y-iron phase when it transforms to the
lower temperature a-iron phase indicates that the y-iron nanopar-
ticles contain an appreciable amount of dissolved carbon. This
supports the proposed dissolution-precipitation mechanism of
graphitization.

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) offer further insight into the formation and
nature of the active catalyst. A sample of cellulose/Fe(NO,), was
heated to 1350 °C under Ar. A rapid mass loss around 330°C
(Figure S9, Supporting Information) corresponds to the main de-
composition step of cellulose, where carbonization of the polysac-
charide releases CO,, H,0, and CO. The small mass loss at
605 °C corresponds to carbothermal reduction of Fe;O, to FeO,,
as observed in the XRD data. This is confirmed by the release
of CO and CO, at this temperature (Figure S10, Supporting
Information) and the appearance of a small endothermic peak
in the DSC data (Figure 4e). The TGA/DSC data do not show
the graphitization step, as this is a transformation from disor-
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dered, mainly sp?-hybridised carbon to ordered sp?-hybridized
graphitic carbon. The absence of a melting transition in the
DSC data at the graphitization step provides further evidence
for the bulk catalyst being solid during graphitization. Further
heating of the sample reveals that the Fe-C catalyst undergoes
a melting transition at 1282 °C. This is consistent with the Fe-C
phase diagram, where there is a phase boundary between y-iron
and a liquid/y-iron mixture at 1282 °C for an Fe-C alloy of ~1.3
wt% C.[1]

2.3. Molecular Dynamics Simulations of the Catalyst

The observation of solid catalyst nanoparticles in our system is
consistent with the bulk iron-carbon phase diagram, where liquid
phases only exist above 1150 °C. However, the observed liquid-
like behavior of catalysts in nanostructure growth is often ratio-
nalized with reference to the Gibbs-Thomson effect of melting
point depression in nanoparticles. Therefore, we conducted sim-
ulations of Fe and Fe-C clusters to determine the effect of par-
ticle size on melting temperature. Melting of Fe nanoparticles
has been modeled, but only with older potentials based on the
second moment approximation of the tight binding model.181]
To the best of our knowledge, Fe,C nanoparticle melting has not
been modeled. Here, a classical molecular dynamics method us-
ing LAMMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator) was employed to study the melting behavior of free
and substrate-supported iron and Fe,C nanoparticles. Modified
embedded atom model (MEAM) potentials were used to describe
the Fe-Fe, Fe-C, and C-C interactions and a Lennard—Jones po-
tential function was used to describe interactions between the
nanoparticles and a structureless, mean-field substrate. Full de-
tails can be found in the Experimental Section and Support-
ing Information. Figure 5a shows snapshots of a heating sim-
ulation of a freestanding a-iron cluster, constructed from 8393
atoms using MEAM potentials reported by Asadi et al.?%! The
body-centered cubic (BCC) structure (blue atoms) breaks down
with increasing temperature to give a disordered cluster (gray
atoms), indicating the melting transition. Figure 5b shows caloric
curves for heating and cooling of freestanding BCC iron clus-
ters of various sizes. The heating curves show a steady shift to
higher melting points with increased cluster size, as would be
expected. The cooling simulations also show clear transitions
corresponding to solidification. However, there is less correla-
tion between solidification temperature and cluster size, with all
solidification occurring in the 1000-1200 K temperature range.
The hysteresis observed in all the simulations is due to the very
fast heating and cooling rates required for molecular dynam-
ics simulations.[*! Equilibrium melting temperatures (T,,) for
all the cluster sizes were calculated from the heating and cool-
ing simulations (details in the Supporting Information). A plot
of T,, versus 1/radius (Figure 5c) shows a linear trend, consis-
tent with Pawlow’s formulal??l and with older simulations us-
ing potentials based on the second moment approximation of
the tight binding model. The data indicate that a liquid iron
phase could be possible below 800 "C, but only for particles that
are a lot smaller (%1 nm diameter) than we observe in the cat-
alytic graphitization (50-100 nm diameter). Simulations were
attempted for freestanding y-iron clusters but at the starting
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Figure 5. a) Snapshots of a heating simulation of a freestanding a-iron cluster constructed from 8393 atoms. b) Caloric curves calculated from heating
and cooling simulations of a-iron clusters of various sizes. c) Equilibrium melting temperature (T,,,) versus 1/radius for a-Fe clusters with a fit line
calculated using Pawlow’s formula.[?] d) Caloric curves calculated from heating and cooling simulations of Fe;C clusters of various sizes. e) Snapshots
of a heating simulation of a-Fe cluster consisting of 5065 atoms with a cluster-substrate interaction strength of 1.0 eV. f) Plot of equilibrium melting
temperature versus cluster-substrate interaction strength (¢) for BCC Fe clusters of various sizes. The numbers in the legends in panels (b), (d), and (f)

indicate the number of atoms in the cluster.

temperature (1100 K), the face-centered cubic (FCC) structure
transformed instantly to BCC, as expected from the phase
diagram.

Simulations of freestanding Fe,C clusters were carried out
using MEAM potentials reported by Liyanage et al.l?}] In heat-
ing simulations, a clear jump in energy was observed in the
caloric curves (Figure 5d), corresponding to a melting transition.
However, the freezing transition in cooling simulations was less
well defined, making it difficult to assign a specific solidifica-
tion point. This could be due to the metastable nature of the
Fe,C phase, which will decompose into iron and carbon. The
only previous simulations of Fe;C melting and solidification in-
volved a box half-filled with solid Fe,C atoms and half with lig-
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uid atoms.[?!] This provided a nucleation surface for solidifica-
tion. In the freestanding Fe,C clusters, the energy barrier to ho-
mogeneous nucleation could be too high, or the rate of nucle-
ation is too slow to be captured on the short timescale of the MD
simulation.

The nanoparticles involved in catalytic graphitization are in
constant contact with the carbon. Therefore, we also evaluated
the impact of particle size on melting point for particles in contact
with a substrate. Figure 5e shows a selection of snapshots of a typ-
ical simulation, showing the BCC structure of a-iron (blue atoms)
breaking down on melting. Caloric curves were constructed for
clusters of a range of sizes and for a range of cluster-substrate
interaction strengths. While melting point decreases with
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Figure 6. Images from in situ TEM footage showing a) a moving particle accumulating smaller Fe-C nanoparticles. b) Two moving particles coalescing.
c) A particle dividing. d) A particle appearing to squeeze through a small gap and e) a particle sending out a “tongue” of material before retracting.

decreasing cluster size, it increases with a higher cluster-
substrate interaction strength (Figure 5f). This is consistent with
the concept of effective radius of curvature, where a particle
strongly wetting a surface has a surface curvature equivalent to
a much larger particle and displays a melting point closer to that
of the equivalent larger particle. Similar simulations for Fe,C
clusters were conducted. Only heating simulations were consid-
ered, given the lack of an observable solidification transition in
the freestanding clusters. A similar trend was observed, with a
larger cluster-substrate interaction strength giving a higher melt-
ing point (Figure S11, Supporting Information). All the molecu-
lar dynamics simulations together suggest that size effects would
not result in a significant melting point depression for either
Fe,C or Fe catalyst particles. This is consistent with our exper-
imental TEM observations.

Adv. Mater. 2024, 36, 2404170 2404170 (7 of 10)

2.4. Insight into the Catalyst Movement

Further insight into the graphitization mechanism can be gained
from closer examination of the in situ TEM footage. The moving
catalyst particles collect smaller stationary particles (Figure 6a)
and merge with other moving particles (Figure 6b) as they travel
through the amorphous carbon matrix, resulting in a general in-
crease in size of the particles. The fact that the very small particles
are stationary suggests that there may be a critical size that par-
ticles need to reach before they become catalytically active and
able to move. In some cases, particles split into two smaller par-
ticles (Figure 6¢). This indicates that the forward driving force for
particle movement is very strong. As noted above, many catalysts
that appear to be stationary are in fact moving within a confined
region, presumably because they have been trapped between
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® Amorphous
@® carbon
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Figure 7. Schematic of proposed homogeneous solid-state catalysis mechanism, including (surface and/or vacancy) diffusion of iron through the amor-
phous carbon matrix and interstitial diffusion of carbon atoms through the iron in the opposite direction, with subsequent precipitation of a graphitic

nanotube.

regions of graphitic carbon. In some cases, the catalysts discover
small channels of amorphous carbon and will squeeze through
narrow gaps to continue graphitization (Figure 6d). This again
suggests there is a very strong driving force for catalyst move-
ment. In other cases, catalyst particles send out tongues of cata-
lyst material to consume small pockets of residual amorphous
carbon (Figure 6e), again indicating that dissolution of amor-
phous carbon is energetically favorable.

2.5. Mechanism of Iron-Catalyzed Graphitization

The remarkable observation of solid-state homogeneous cataly-
sis can be rationalized by considering atomic diffusion. Atoms
diffuse through solids via several mechanisms. In iron or iron
carbide, the carbon atoms will be present in the close-packed
iron lattice on interstitial sites and will diffuse through the lat-
tice by moving between interstices. Diffusion of carbon in the
iron lattice depends on temperature and carbon concentration
but is faster in a-iron (D, & 107® cm? s7! at 800°C) than -
iron (D, = 108 cm? s7! at 800 °C) because of the lower den-
sity body-centered-cubic structure.[?* Diffusion of carbon is slow-
est in the stoichiometric Fe;C phase (D, = 107 cm? s7! at
800 "C).1%] Diffusion of iron atoms in iron (self-diffusion) occurs
by movement of atoms between lattice vacancies. This is by na-
ture a slower process than interstitial carbon diffusion (D, ~ 10~
cm? s7! for Fe in a-iron at 800 °C),?%] but faster at grain bound-
aries or on surfaces.[””] Diffusion of atoms through nanoscale
solids can cause rapid structural transformations. An example
of this is the diffusion of bismuth atoms outward from a bis-
muth nanoparticle through a Bi, 0, shell to form a hollow Bi, 0O,
nanoparticle through the Kirkendall Effect.? The diffusion co-
efficient of Bi in the Bi,O; shell was calculated to be 0.75 X
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107 cm? s7! and the formation of hollow Bi,O, nanoparti-
cles from Bi nanoparticles (%100 nm diameter) was completed
within 2-5 min. This is a similar timescale to the graphitiza-
tion process observed in this paper. Self-diffusion of iron (most
likely via surface diffusion) is therefore a reasonable mechanism
for the movement of the catalyst particle during graphitization
(Figure 7).

3. Conclusions

Iron-catalyzed graphitization is a fascinating process. A simple
and abundant transition metal can convert raw biomass to a
dense network of multiwalled carbon nanotubes at moderate
temperatures. On a fundamental level, the observation that the
graphitization catalyst is crystalline is remarkable and raises the
question of what is meant by the word solid. The ordered struc-
ture of the crystalline lattice is consistent with microscopic chem-
ical and mechanical definitions of solids.!?! Furthermore, the ev-
idence of a melting transition in the DSC well above the graphi-
tization temperature indicates that the catalyst has not under-
gone a solid-liquid phase transformation when it starts to move.
While the observations of the catalyst fit within accepted defini-
tions of solids, the behavior certainly challenges our everyday un-
derstanding of solids as rigid materials which retain their shape.
This paper also opens up many fascinating research questions.
What is the driving force for catalyst movement? Why is the cata-
lyst movement so erratic? Does the nature of the organic precur-
sor impact the way that the catalyst moves? Is Fe,C or a-Fe the
active catalyst? If we can answer these questions, we may be able
to control catalyst movement and use this simple method to pro-
duce carbons with tailored graphitic structure and properties. It
may even be possible to control the chirality of the resulting nan-
otubes. Given the importance of carbon in energy technologies,
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this would represent a huge leap forward in sustainable materials
production.

4. Experimental Section

Iron-Doped Amorphous Carbon Sample Preparation: Cellulose fibers
(C6288) and iron (Ill) nitrate nonahydrate were sourced from Sigma-
Aldrich. 0.27 g (0.00 068 moles) of Fe(NO3)3.9H,0 was dissolved 15 mL
of DI water and the resulting solution added to a beaker containing 5 g of
cellulose fibers (powder). The mixture was manually stirred until the solu-
tion had been absorbed. The sample was dried in an air oven at 70 °C to
give an orange/yellow solid. The sample was pyrolyzed in an alumina boat
crucible in a tube furnace to 400 °C under nitrogen. The heating rate was
5°Cmin~.

TEM Measurements:  Small portions of iron-doped amorphous carbon
sample (~50 mg) were dispersed in ethanol (~1 mL) by sonication for
10 min. One drop of the dispersion was pipetted on to a Protochips Ther-
mal E-chip (E-FHDC). In situ TEM footage was collected on a JEOL JEM-
ARM200F equipped with a Schottky field emission gun. The sample was
heated at 1°C min~' with a Protochips heating holder, FUSION, inside
the microscope. Dark field TEM footage was collected at 900 °C inside the
microscope.

In Situ Synchrotron Powder X-Ray Diffraction: In situ X-ray diffraction
experiments were carried out at the materials science powder diffraction
(MSPD) beamline of the ALBA-CELLS synchrotron (Cerdanyola del Vallés,
Spain). Beam energy was ~30 keV (wavelength A = 0.4127 A as deter-
mined using a Si standard) and scattering was measured in the range ~1°
to ~60° in 20 using an array of linear position sensitive detectors (Dectris
Mythen). Powdered samples were contained in open-ended quartz capil-
laries (1 mm inner diameter) and held in place using quartz wool. Heating
was performed in a capillary flow-cell(39] using a hot-air blower (Oxford
FMB), while N, flowed through the sample at a nominal rate of 20 mL
min~", which was controlled at the inlet and monitored at the outlet using
mass flow controllers.

The samples had been previously heated ex situ in a laboratory furnace
up to 400 °C to release the most volatile products of pyrolysis. During in
situ experiments, the samples were heated at 20 °C min~' up to 400 °C,
then at 5 °C min~" up to 800 °C, held at 800 °C for 2 h and then cooled
down to 100 °C at a rate of 20 °C min~". Diffraction patterns were mea-
sured continuously every minute. Real temperature at the sample was cal-
ibrated previously using a K-type thermocouple in place of the sample and
later checked by observing several phase transitions.

TGA/MS: Thermogravimetric analysis (TGA) coupled with differen-
tial scanning calorimetry (DSC) experiments were carried out using a dual
system (SDT Q600, Thermal Advantage Instruments). Samples consisting
of raw cellulose and cellulose impregnated with Fe(NO3); solution were
measured from 100 to 1350 °C using a heating rate of 5 °C min~" under
flowing Ar at 100 mL min~'. An initial mass of ~10 mg was used, and
samples were contained in brand-new alumina pans that were previously
washed in 1 m HCl solution to discard the presence of any metal contam-
inants. The exhaust of the system was connected to a mass spectrometer
(GSD 320 Omnistar, Pfeiffer Vacuum) to qualitatively evaluate the com-
position of the gases evolved during pyrolysis. A secondary electron mul-
tiplier detector polarized at 970 V was used, and m/Z ratios of 10 to 50
u.m.a were measured at a scan rate of 200 ms/u.m.a.

Molecular Dynamics Simulations: Free Standing Clusters: Clusters of
BCC-Fe, FCC-Fe, and Fe;C were constructed in LAMMPS using lattice pa-
rameters extracted from crystallographic data and a spherical cluster with
a certain radius was defined. For pure Fe clusters, the Fe—Fe interactions
were modeled using a modified embedded atom model (MEAM) poten-
tial reported by Asadi et al.[?%! For Fe-C clusters, the MEAM potential re-
ported by Liyanage et al. was used to describe the Fe-Fe, Fe-C, and C-C
interactions.[?3]

The classical equations of motion were integrated using a timestep of
2.0 fs and the temperature was controlled using the Langevin thermostat.
Periodic boundary conditions were employed in the x, y, and z directions.
The clusters were initially annealed at the starting temperature for 10 ns
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before the start of a simulation. Heating and cooling simulations were then
carried out at a rate of 16 K ns~! and statistical averages were generated.
Trajectories were visualized using OVITO.

Molecular Dynamics Simulations: Substrate-Supported Fe Clusters: The
same procedure was carried out to construct clusters with a BCC-Fe,
FCC-Fe, or Fe;C structure and the same Asadi and Liyanage potentials
were used to describe the interactions within the cluster. A fixed wall sub-
strate was introduced along the z-plane of the simulation box and periodic
boundary conditions were only employed in the x and y directions. The
cluster-substrate interaction was described using a Lennard—jones 12-6
potential. The distance of closest approach () in the Lennard—Jones po-
tential was fixed at 2.91 A. The well depth (¢) was varied from 0.05 to 1.0 eV
to model the variable strength of interaction between the clusters and the
substrate.

The classical equations of motion were also integrated using a timestep
of 2.0 fs. The angular momentum of the clusters in the x-y plane were fixed
at each step to prevent movement of the cluster along the substrate dur-
ing the simulation. To reduce computational cost, only the atoms within
the nanoparticles were heated in the NVE ensemble using a Langevin ther-
mostat. The clusters were initially annealed at a fixed distance of 26 from
the substrate at the starting temperature of the simulation for 10 ns. The
cluster was then relaxed at the initial temperature for 5 ns to allow for the
cluster to wet onto the substrate. Heating and cooling procedures were
then carried out as with the freestanding clusters.

Molecular Dynamics: Calculation of Melting/Freezing Transitions: The
melting/freezing transition of the clusters was characterized by plotting
caloric curves (E(T) vs T). The phase transition temperature was also char-
acterized from the heat capacities, which were calculated from the fluctu-
ations of energy using Equation (1)

(€7) =<6
R Q)

In general, the combination of the two methods were used to confirm
the temperature at which melting or freezing occurred. To avoid effects of
superheating/supercooling, melting, and freezing simulations were run
for each cluster at the same heating/cooling rate. For most of the clusters
tested, there was some level of hysteresis, where the freezing transition oc-
curs at a lower temperature than the melt. This is a common phenomenon
due to the fast heating and cooling rates required for MD and were ac-
counted for by applying Equation (2) to calculate an equilibrium melting
temperature, T,

= AT Te- + T (2)

where Tt =T of melting transition and T,~ =T of freezing transition.

T =T+
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