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Abstract: Herein, we report the successful use of newspaper as a substrate for the growth of
single-walled carbon nanotubes (SWCN'Ts) by chemical vapor deposition (CVD) with intriguing
results demonstrating that (a) the large surface area of newspaper stock allows for SWCNT growth and
(b) only newspaper produced with kaolin clay sizing allowed for SWCNT growth. Kaolin newsprint
was impregnated with Al,O3 and Fe(NO3)3-9H,0 (as precursors to FexOy nanoparticles), and calcined
(30 min at 400 °C). The subsequent char residue was loaded into a CVD chamber and used as a
substrate for SWCNT growth at 750 °C, using Hp, C;Hy, and water vapor as the growth gas. Samples of
raw carbon soot exhibiting fluorescence spectra, indicative of SWCNTs, were further evaluated by
resonant Raman spectroscopy, and by transmission electron microscopy (TEM). The calcinated
substrate remnants were evaluated by scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS). Experiments utilizing paper substrates produced with kaolin filler resulted
in hybridized sp?>~sp® bonded carbon species. The soot was found to consist primarily of carbon
nanotubes and bi-layer graphene in the form of collapsed nanotubes, also known as graphene
nanoribbons (GNR).
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1. Introduction

Despite the potential application of both single-walled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotubes (MWCNT5s) for a broad range of research and commercial fields
extending from electronics to medicine [1,2], their purity is of paramount importance with many of
the end-uses [3]. As a result, we have, among other things, concentrated much of our research efforts
in developing purification methods to remove amorphous carbon, catalyst residue and defects [4-6].
Conversely, one of the most commonly raised value enhancements of materials by CNTs is the
modification of elastomer properties [7], where purity can actually be detrimental in some cases.
This has led towards the use of larger MWCNTs that are inherently more defective, and hence easier to
functionalize; however, there are limits on the number of concentric CNT tube walls before MWCNT
embrittlement becomes an issue [8]. For polymer matrices, mixtures of graphitic carbon, CNTs,
and carbon black (CB) are of interest and have been shown to improve/preferentially modify CNT
dispersion, electrical conductivity, mechanical reinforcement, and surface properties [9-11]. A further
consideration is that rubber compound reinforcing materials are considered as commodity products,
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and thus production cost is a critical consideration. A continuous flow method by which inexpensive
heterogeneous CNT/CB products can be mass-produced and applied to rubber compounding, especially
one that does not require industrial retooling, would hence be quite advantageous.

CNT synthesis has been a subject of interest in research labs around the world for multiple
decades, and much has been learned, especially when it comes to chemical vapor deposition
(CVD) [12-15]. CVD synthesis of CNTs began with directed growth on substrates but has since
evolved to include floating-catalyst growth that is substrate-free, especially as it comes to more
commercial-scale production [16,17] utilizing a larger reaction volume. In addition, to process control
and cost considerations, there is also a need to adopt greener and environment friendly synthesis
methods utilizing natural, renewable, cheaper waste materials [18]. In this regard, the synthesis of
graphene, CNTs and carbon dots has been reported using several natural hydrocarbon precursors,
as well food waste, vegetation waste, animal/bird/insect waste, and agro-waste for the synthesis of
graphene and CNTs [19,20]. A second component, the growth catalyst, has also been investigated
using natural materials [21]; however, there are limited studies on alternative substrates.

One of the challenges here is that large scale CVD growth of carbon nanotubes from fixed
substrates is hampered by the cost of substrate preparation in addition to limitations of single surface
batch processing as it comes to scaling up the process. A continuous flow system, that dramatically
reduces both substrate and post synthesis process cost, needs to be devised. Common substrate
preparation methods combine FexOy catalyst particles with silica, silicon and alumina films [22-24].
Fixed bed CVD, the method used in this study, typically utilizes a single surface substrate. This clearly
limits scalability relative to 3D or continuously formed substrates. As part of our exploration of
potential stackable (3D), currently mass-produced, large-area and inexpensive substrates to produce
a CNT containing soot product compatible with current industrial tooling, we investigated the use
of newsprint as a substrate. Paper has been previously employed as a flexible substrate for CNT
growth [21,25]; however, this was limited to relatively small areas and varying degrees of success.
Herein we report that hybridized graphitic-SWCNT-carbon black soot is rapidly grown on stacks of
kaolin (china clay) sized newspaper stock, which makes it suitable as part of a method capable of using
a multi-surface continuous feed process.

2. Experimental Section

2.1. Materials

Al,O3 powder (>99%), Fe(NO3)3-9H,0O (>98%), and ethanol (200 proof, >99.5% pure) were
obtained from Sigma Aldrich (St Louis, MO, USA) and used as received, while H, and C,H, were
obtained from Matheson Tri-Gas Inc. (Houston, TX, USA). Newspaper samples were donated by Voice
of Asia, Pasadena Citizen, and Rice Thresher (Houston, TX, USA).

2.2. CNT Growth

Stacks of newspaper samples (~1.5 X 8 cm in area) were prepared from blank sections (containing
no ink) of newsprint. The newsprint samples were dip-coated in an aqueous slurry of 1.1 x 1073
wt% Al,O3 and then immediately dipped into ethanol to promote rapid and even drying. Once dry,
the samples were dip-coated in an aqueous solution of Fe(NO3)3-9H,0 and again dried by dipping in
ethanol. The samples were then placed into an atmospheric pressure calcination furnace (heating ramp
rate of 100 °C/15 min to 400 °C, held isotherm at 400 °C for 30 min, and finally cooled to 25 °C).
After calcination, the samples were loaded into a CVD reactor, where SWCNT growth was initiated
on the calcined char residue of the newspaper substrate using identical methods as previously
described [26,27]. In particular, the precursor placed inside a 1-inch CVD furnace was exposed to
atomic hydrogen for 30 s via the release of ultrapure H; gas to a glowing tungsten filament. This was
followed by a simultaneous flow of Hj at 0.21 standard liters per minute (SLM), C,H; (2.0 SLM),
and water vapor (0.20 SLM) for a growth period of 5 min. The sample was then cooled to room
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temperature prior to extraction for further characterization. All materials were handled in a safe
manner as described previously [28].

2.3. Characterization

Fluorescence spectra were collected using an N52 NanoSpectralyzer™ (Applied NanoFluorescence,
LLC, Houston, TX, USA) [29]. Raman spectra were collected using a Renishaw inVia™ Raman
microscope (Wotton-under-Edge, UK) equipped with 514, 633, and 785 nm lasers and a Leica PL Fluortar
L50x/0.55 long working distance objective lens. Raman laser excitation powers were determined by
increasing laser irradiance until the spectral transition from baseline noise to a weak signal-to-noise
ratio of ~3 at ca. 1600 cm~! Raman shift was observed. The actual irradiances are unknown, and not
relevant to this discussion. This resulted in a relatively flat background for the 633 and 785 nm spectra.
The fluorescence background at 514 nm could not be suppressed entirely and background subtraction
was performed to help better compare the three Raman spectra. Collection times were chosen to
acquire >25,000 cts at ca. 1600 cm~!, and a minimum of 10 separate Raman spectrum maps were
collected per sample for statistical accuracy. It is not known if or how residual support and catalyst
particles affect the spectra. While generally unusual in Raman studies, for carbon species, excitation
wavelength-dependent peak shifting is expected and was observed [30,31]. Carbon soot was deposited
onto C-Flat™ grids (Electron Microscopy Sciences, Inc., Hatfield, PA, USA) by making physical contact
at a random point in the carbon soot and imaged using a cold cathode JEOL 2100F TEM operated at
200 KV (Peabody, MA, USA). Scanning electron microscopy (SEM) energy dispersive X-ray spectra
(EDS) were collected using a FEI Quanta 400 ESEM (ThermoFisher Scientific, MA, USA) equipped
with an EDAX™ spectrometer (MA, USA). Elemental quantification was obtained using the ZAF
(standard-less) method available in the EDAX Genesis™ application.

3. Results and Discussion

3.1. SWCNT Growth on Paper Substrates

Samples of three sources of newsprint available locally in Houston (TX) were impregnated with
Fe(NO3)3-9H,0 as a catalyst precursor, placed in multilayered stacks (~12 to a stack), and subjected to
typical CVD conditions for the growth of SWCNTs. After growth the paper samples had the consistency
of soot, which was collected together for each experiment to be further characterized. Fluorescence
spectroscopy represents a useful rapid method for screening the presence of SWCNTs in a sample [32],
as such fluorescence spectra were collected on all the samples; however, only the Voice of Asia sourced
paper showed the presence of SWCNTs.

TEM images confirm the presence of SWCNTs with two size distributions centered at about 1 nm
and 4 nm (Figure 1). Asymmetric cross-sections of the larger features confirm their tubular nature,
but the irregular borders suggest these are collapsed tube structures approximating 2-layer graphene
nanoribbons. Spherical structures in TEM images (Figure 1c) suggest the presence of fullerenes as well
but no attempt was made to extract and identify this species.

Figure 2 shows a representative fluorescence spectrum from the experimental soot grown on the
Voice of Asia newsprint, compared to that of a sample of HiPco grown SWCNTs, confirming the growth
of SWCNTs. Analysis of the data suggested that the newspaper-grown sample included SWCNTs with
chiralities of (7,5), (7,6), (8,3), (9,4), (9,7), (10,5), and (11,3) [32]; however, it should be noted that metallic
SWCNTs are not detected in this manner, and the resolution of individual tubes versus bundles is not
straightforward [3].
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Figure 1. TEM images of raw carbon soot grown on kaolin sized paper showing (a) roped single-walled
carbon nanotubes (SWCNTs) helically wrapped by a SWCNT, and large SWCNTs, (b) collapsed,
(c) folded, and (d) twisted nanotubes. Scale bar = 10 nm (a—c) and 50 nm (d).
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Figure 2. A comparison of the 660 nm excited fluorescence spectra from chemical vapor disposition

(CVD) HiPco SWCNTs (black line) and CVD grown soot on “Voice of Asia” newsprint substrate
(red line), depicting specific chiralities of semi-conducting SWCNTs present in both samples.

3.2. What Determines the Activity of a Paper Substrate for SWCNT Growth?

It was interesting that only one of the three newsprint sourced facilitated the growth of SWCNTs,
despite the addition of identical quantities of catalyst precursor and process conditions. Standard
newsprint is a paper grade that is mostly made out of thermo-mechanical pulp (TMP), pressure ground
wood (PGW) and deinked pulp (DIP). Moreover, some softwood might be mixed in to furnish to
enhance paper strengths. Sizing (filler) is used in all paper (including newsprint) to create the desired
brightness level of the end product. Historically, the most common sizing agent was aluminum
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sulfate (alum); however, its hydrolysis and resulting acid hydrolysis of the cellulose is a reason
for the deterioration (embrittlement and yellowing) of paper in books and archival material [33,34]
necessitating preservation treatments [35]. As a consequence, alkaline paper size became commercially
available [36], including: Kaolin (China clay), talc, ground CaCOj3 (GCC), precipitated CaCO3 (PCC),
and TiO, [37].

Energy dispersive X-ray spectroscopy (EDS) was used to analyze the elemental composition
of the newsprint. Typical EDS spectra of as-is newspaper samples that facilitated SWCNT growth
(Voice of Asia) and that did not facilitate SWCNT growth (Rice Thresher and Pasadena Citizen) are
shown in Figure 3. The spectra of these samples prior to any carbonization are consistent with the
chemical formulas of the two most common sizing agents used in newsprint: kaolin (Al;SiOs(OH),)
and calcium carbonate (CaCOj3) [38]. The majority of the C and O present in both samples can be
attributed to the cellulose, i.e., (C4¢H;9Os)n. The “Voice of Asia” sample shows the additional presence
of significant Al and Si in a 1:1 ratio (Figure 3a) in addition to minor amounts of Ca and Ti. This would
suggest that this newsprint has predominantly kaolin sizing, but small quantities of CaCO3 and
TiO,. The presence of Na is likely to be due to sodium silicate that is often used for the stabilization
of kaolin clay slurries [39]. In contrast, the “Rice Thresher” sample (Figure 3b) shows significant
Ca content, consistent with predominantly CaCOs sizing [40], with traces of an aluminum silicate,
presumably kaolin.

Al

Na ] Al Si

1 2 .y 3 4 T 2 .y 3 4
(a) (b)

Figure 3. Typical energy dispersive X-ray spectroscopy (EDS) spectra of newspaper samples that
facilitated SWCNT growth (a) and that did not facilitate SWCNT growth (b).

Based upon this analysis it appears that the presence of significant kaolin sizing in the newsprint
was the critical factor that enabled SWCNT growth in our growth scenario. This discovery is supported
by a prior report that describes the use of clay as a substrate in the growth of carbon nanotubes [41].

3.3. Characterization of Carbon Soot

Since the carbon soot grown by CVD on iron-impregnated kaolin sized paper was shown to
contain (at least in-part) SWCNTs, a full characterization was undertaken using Raman spectroscopy.
Figure 4 shows an example Raman spectra of raw carbon soot grown on kaolin sized paper, excited at
785, 633, and 514 nm, which is representative across the 10 such acquisitions collected. Table 1 lists the D,
G, and 2D peak positions at each excitation wavelength. The Raman scattering cross-sections of CNTs
vary with chirality, diameter, and excitation energy, with semiconducting SWCNTs the cross-sections
increase with lower excitation energy. As seen in Figure 4, the NIR excited spectra (780 nm) include
much more structure than do the spectra acquired with 633 and 514 nm excitation.
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Figure 4. Representative normalized Raman spectra excited at (blue line) 785 nm, (red line) 633 nm,
and (black line) 514 nm, of raw carbon soot grown on kaolin sized paper chosen at random. The presence
of D, G, and 2D peaks confirm the presence of graphitic carbon in the form of carbon nanotubes,
in addition to other forms of carbon.

Table 1. Resonant Raman peak intensities for the raw carbon soot grown on kaolin sized paper.

Peak 514 nm 633 nm 780 nm
D 1399 1306 1290
G 1594 1591 1591

2D 2652 2597 2566

Since the CVD synthesis temperature did not exceed 760 °C across the board, and so there is no
reason to expect contribution from graphite to the Raman spectra, which would otherwise be similar
to spectra from SWCNTs with a semiconducting (zigzag) structure. However, radial breathing modes,
which are unique to fullerenes and single/few-walled CNTs, are present. The 2D peak shape and shift
with excitation wavelength are constant with 1-2 layer graphene; however, this would be also expected
to exhibit a strong D band, which is only a minor peak in the spectra in Figure 3 [30,42,43].

The well-defined G peak at ca. 1592 cm™ is attributed to C—C bonding and is present in all
sp? hybridized carbon species. The low energy shoulder of the G modes indicates the presence of
disordered basic structural units, which can be associated with fold and twist defects exhibited by
graphene nanoribbons (GNR) [8,44]. The angular changes in structure associated with GNR did not
appear often in the TEM data (see above), thus, the G peak is attributed to the presence of predominantly
semiconducting SWCNTs and two wall graphitic ribbons (GR) resulting from the collapse of large
SWCNTs [45].

A common figure of merit (Q) for graphitic quality is the ratio of the G (graphitic) and D (disorder)
modes [46]. Q can be expressed both in terms of D/G (degree of disorder) and G/D (degree of order),
for the purposes of the present discussion, we assign Q to the former, i.e., a lower Q indicates few
graphitic defects. Referenced to the background subtracted minima between the D and G modes,
the values for Qygp and Qgz3 are <0.02, while Qs14 = 0.2. This variation with excitation wavelength
implies a lower defect density in semiconducting structures than in the metallic species, since CNTs of
average diameter 1 nm have the metallic tubes resonate at the lower excitation wavelengths of 514 and
633 nm, relative to 633 and 785 nm for semiconducting tubes [3].

The G/2D relationship allows for discerning between semiconducting and metallic SWCNT with
lower values being indicative of semiconducting SWCNT [46]. The subsidiary peak on the low energy
shoulder of the Dygy and Dggs; is assigned to transverse SWCNT vibration. The strong radial breathing
modes (RBM) at 780 nm, ca. 150-245 cm ™!, are indicative of metallic SWCNT with diameters of 1 nm
+ 0.05 nm while the RBMs at 514 and 633 nm suggest CNT diameters extending to 1.55 nm [43,47].
The 2D band ca. 2600 cm™! (also designated as G’ in the literature) is common to sp? carbon and
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useful in the characterization of specific electronic and geometric structure, and doping. 2D/Gygg
= (.72, typical of semiconducting SWCNT and graphitic structure, while 2D/Gy;s is > 0.5, which is
characteristic of metallic SWCNT and graphene. The unassigned bands ca.1700 cm™! may be associated
with D" however a D + D’ band assignable to damaged graphene is not resolved ca. 3000 cm~! [30,48].
With D/G approaching zero in all spectra we can conclude that semiconducting SWCNT are present
while the low G/RBMyg indicate metallic SWCNT are also present. G/2Dy;s << G/2Dnyr is indicative
of NT and/ or GR with a preferential zigzag structure.

4. Conclusions

We have established that stacked kaolin filled paper is a suitable substrate for the growth of
hybridized carbon soot containing semiconducting and metallic SWCNTs, and possibly bi-layer
graphene ribbons with Raman characteristics of a zigzag structure, at growth temperatures that exclude
the formation of graphite. The CNTs have a bimodal size distribution centered about 1 and 4 nm as
seen by TEM imaging. The 4 nm tubes appear to be single walled and are clearly distorted but lack the
angular features expected from fully collapsed tubes.

Capitalizing on the well-known use of alumina [22], layers of kaolin (Al;Si,Os5(OH),) filled
newspaper present an attractive substrate that facilitates the reduction of iron oxide. This very likely
helps in the formation of iron nanoparticles that catalyze graphitic carbon growth similar to pure
alumina, while also minimizing their aggregation into larger particles which result in amorphous
carbon growth instead. There remains some aggregation, however, as suggested by the formation of
thicker 4 nm diameter tubes, and this allows for future improvement in product selectivity via the
careful screening of more such recycled newsprint from different sources.

The use of a multi-layered substrate, such as kaolin sized newsprint, dispensed from a roll,
both contained within a CVD reactor, provides for a continuous, low cost substrate, with dramatic
increases in surface area relative to any ridged single surface substrate. This will lead to the reduction
of greenhouse gases and exploitation of toxic materials and helps in the development of sustainable
technologies as it pertains to the circular carbon economy.
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