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d removal of carbonaceous
impurities in a surfactant-assisted carbon nanotube
dispersion and its implication on electronic
properties†

Minsuk Park, In-Seung Choi and Sang-Yong Ju *

Carbonaceous impurities (CIs) affect the optoelectronic properties as well as the ability to use absorption

spectroscopy to estimate the metallic content of a single-walled carbon nanotube (SWNT) dispersion.

Therefore, a method for the accurate quantification and removal of CIs is required. We have devised

methods to characterize and quantify CIs present in SWNT batches and to determine the effects of CIs

on the optical and electrical properties of SWNT. Quantitative determination of CIs stems from the

finding that chloroform selectively disperses CIs present in SWNT batches. CIs separated by dispersing

the as-purchased SWNT batch in chloroform have the morphology of defective and agglomerated few-

layered graphenes, whose sizes and locations depend on SWNT batches. Moreover, CIs exhibit

a featureless UV-vis-mid-wavelength IR (MWIR) absorption curve and an extinction coefficient

comparable to graphenes and show difference with carbon black, which is frequently used as the CI

reference. The MWIR region that shows least absorptions caused by the transition of various SWNT types

was utilized to assess the significant contribution made by CIs present in a surfactant-assisted SWNT

dispersion, showing about 12–19 wt% of CIs in various SWNT dispersions. In addition, the extraction of

CIs with chloroform results in a highly purified SWNT batch without any diameter distribution change

originating from oxidative damage as compared to the commercially available purified SWNT batch.

Finally, we found that increasing the weight of CIs present in a SWNT dispersion strongly lowers the

thermal conductivity of a SWNT film when compared with the electrical conductivity. This study provides

a way to understand the negative effects that CI has on the optoelectronic properties of SWNTs as well

as the beneficial effects of excluding ubiquitous CIs in SWNTs batches.
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1. Introduction

Single-walled carbon nanotubes (SWNTs) with dened electrical
properties are optimal materials for next-generation optoelec-
tronic devices. Semiconducting (s)-SWNTs are especially inter-
esting because they have excellent electrical properties including
high current on/off ratios exceeding 106 and charge carrier
mobility.1–5 Owing to their unique features, s-SWNTs have broad
solution-based applications in thin lm transistors,1–5 thermo-
electric devices,6–8 and photovoltaic devices.9–11 The SWNT batch
contains SWNTs, carbonaceous impurities (CIs) and metal
catalysts, among which the metal catalysts possessing metals
inside graphitic shells can be easily removed by centrifugation
owing to their density.16 Despite these potential impacts, SWNTs
suffer from heterogeneity issues associated with the presence of
CIs12,13 formed as byproducts during SWNT growth and serves as
an obstacle for high-end optoelectronic applications.

The CI has a metallic property originating from the graphitic
structure of several layers with a size of several tens of nano-
meters. These structural characteristics promote the adsorption
Nanoscale Adv., 2022, 4, 3537–3548 | 3537
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of CIs onto the surface of SWNTs, which form aggregates
themselves, making it difficult to distinguish them from
SWNTs.14,15 In particular, metallic CIs act as scatters for electric
charge conduction and heat transfer through SWNTs, thereby
lowering intrinsic properties15 and interfering with SWNT
signals in electrochemical reactions.16 For this reason, many
efforts are made to remove CIs, and one of them is the method
of removing CIs via oxidation. However, this removal method
makes the price several orders of magnitude more expensive17

and has the disadvantage of generating oxidation defects18 by
reacting structurally similar SWNTs.

With the development of the technology for separating s-
SWNTs from the dispersion phase,19–22 the analysis method for
CIs present in the solution phase is also an important factor in
making pure s-SWNTs. Among various CI analysis methods,23–25

the absorption of the CI is thought to be the most suitable
method for its quantication since the metallic nature of the CI
is expected to be featureless absorption, which is clear depar-
ture from the absorption peak form resulting from one-
dimensional van Hove singularity (vHs) of SWNTs. However,
since there is no method to selectively extract only CIs from
SWNTs, carbon black (CB) that has a globular graphitic struc-
ture is used to dene the background absorption instead,
leading to large variations. Especially, a greater deviation occurs
while quantifying impurities in s-enriched SWNT dispersions
with a high purity of 90% or more. For this reason, purity
evaluationmethods of s-SWNTs using Ramanmapping26 or thin
lm transistors27 have been proposed. Therefore, there is a need
for a method capable of precisely analyzing the content of CIs in
the SWNT dispersion in the solution phase.

In the study described below, we developed a method for the
quantication of CIs in a SWNT dispersion. The properties of
the CI were characterized by various methods including
absorption spectroscopy, transmission electron microscopy
(TEM), scanning electron microscopy (SEM) and Raman spec-
troscopy. The effect of the CI on an SWNT dispersion prepared
using a N-dodecyl avin surfactant (FC12) was investigated by
UV-vis-mid-wavelength IR (MWIR) absorption spectroscopy.
Furthermore, we observed that chloroform can be employed to
disperse only the CI component in the as-prepared SWNT,
leaving the pure SWNT as a precipitate, and the degree of CI
extraction depends on its morphology. This selected dispersion
technique provides a framework for deconvoluting contribu-
tions by CIs to the absorption spectrum, gravimetric and
thermal analysis, and purity of the as-prepared SWNT. The CI-
excluded absorption spectrum displays net optical transitions
of s- and metallic (m)-SWNT over the entire absorption region.
Moreover, we were able to measure the extinction spectrum of
CIs, which should be of use to workers in the eld. Finally, the
effects of the CI on the properties of the SWNT were investigated
using electrical conductivity (s) and thermal conductivity (k).

2. Methods
2.1. Materials and instrumentation

Two SWNT batches with different CI contents were utilized:
plasma-torch-grown SWNTs termed PSWNTs (RN-220 SWCNTs,
3538 | Nanoscale Adv., 2022, 4, 3537–3548
batch# R26-036, nanotube purity of >70%, NanoIntegris, Can-
ada) and super puried PSWNTs termed SPSWNTs (SPT-220
SWCNT, batch# PL32-059, nanotube purity of 95–99%, Nano-
Integris, Canada). Their SWNT diameter (dt) distribution is 1.3
� 0.35 nm. SWNTs with different average dt are high-pressure
carbon monoxide (HiPco) process-generated SWNTs (dt distri-
bution: 1.0� 0.35 nm, Raw grade, batch #: HR35-067, minimum
SWNT contents > 65%, NanoIntegris, Canada) and larger dt
SWNTs (LDSWNTs, dt distribution < 3.0 nm, CAS #: 308 068-56-
6, TCI, Japan). Measurements were carried out at room
temperature unless otherwise noted. Gravimetric analyses of
CIs and SWNT were made using a high-precision balance
(0.01 mg precision, NewClassic MS, Mettler Toledo, OH, USA).

2.1.1. TEM measurements. TEM measurements were con-
ducted using a Tecnai G2 F30ST (FEI company, OR, USA) oper-
ating at an accelerating voltage of 300 kV. For TEM
measurements, copper TEM grids covered with an ultrathin
carbon support (LC200-Cu, lot no.: 180 912, 200 mesh, TED
Pella, USA) were oated in an upside-down manner on the top
of a drop of nanomaterial dispersion on a glass slide substrate.
To adjust the sample concentration on the TEM grid, the
sample-adsorbed grid was washed with drops of a pure
dispersion solvent. Aer the dilution step, the grid was dried
under vacuum overnight.

2.1.2. Absorption measurements. UV-vis-MWIR absorption
spectra up to 3200 nm were recorded using a JASCO V-770
(Japan) using absorption cuvettes having a 1 mm path length
(21/Q/1, Starna scientic, UK). Absorbances were measured via
a double-beam conguration. UV-vis regions are dispersed by
1200 lines per mm grating and the MWIR region is dispersed by
300 lines per mm grating. D2 and halogen lamps were used for
excitation at 190 to 350 nm and 330 nm to 3200 nm, respec-
tively. The wavelength accuracy was 0.3 nm for UV-vis and
1.5 nm for MWIR regions. The photometric accuracy is 0.0015
Abs for 0 to 0.5 Abs, and 0.0025 Abs for 0.5 to 1 Abs. Detectors
for UV-vis and NIR regions were photomultiplier tubes and PbS
photoconductive cells.

2.1.3. FT-IR measurements. The spectra were acquired
using a Jasco FT-IR 4700 spectrophotometer in the range of 400
to 4000 cm�1. The spectra were accumulated 32 times. The
SWNT dispersions were introduced to a liquid sample cell
(Barnes demountable liquid cell kit, beam path length: 1 mm,
KBr crystal). Precaution was taken to exclude air bubbles in the
cell. The spectra were stitched in the 2900–3200 nm region of
the absorption spectra recorded using a UV-vis-MWIR absorp-
tion spectrometer.

2.1.4. Resonance Raman spectroscopy measurements.
Raman spectra were recorded using a custom-made setup28 with
a 532 nm laser (Cobolt, Hübner Photonics, Germany) with 0.1
mW power and a 50� objective lens (MPlan, NA ¼ 0.75) via
a backscattering geometry and were calibrated using the Si peak
(520.89 cm�1) as the internal reference.

2.1.5. SEM measurements. SEM measurements were con-
ducted using Schottky emission SEM (SU-70, Hitachi, Japan)
operating at an accelerating voltage of 10 kV. SEM images of
SWNT lms were obtained at a working distance of ca. 11 mm
© 2022 The Author(s). Published by the Royal Society of Chemistry
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under the condition of 100 k magnication. All measurements
were conducted without any conductive metal coating.

2.1.6. Atomic force microscope (AFM) measurements. AFM
measurements were conducted using a commercially available
AFM (NX10, Park systems, Republic of Korea). An Al-coated
silicon cantilever with a spring constant of 37 N m�1, a reso-
nance frequency of 300 kHz, and quoted radius of ca. 6 nm
(ACTA, App Nano, USA) was utilized to measure height topog-
raphies. Typically, a 512 � 512 pixel image was collected from 5
mm � 5 mm area. Prior to AFM measurements, SWNTs with
various dt were deposited onto 285 nm-thick SiO2/Si substrates
by dipping into the SWNT dispersion for 30 min. Then, the
substrate was rinsed several times with fresh methanol and
dipped into fresh methanol to remove residual avin
completely. Aer that, the rinsed substrate was dried under a N2

ow. In the case of SPSWNTs, 200 mL of dispersion was drop-
casted onto a substrate. Aer 10 min, the substrate was rinsed
several times with a fresh methanol until no green uorescence
originating from avin derivatives was observed using a hand-
held UV lamp (i.e., 365 nm). The measured height topogra-
phies were analyzed using XEI 4.3.4 program (Park systems,
Republic of Korea).

2.1.7. X-ray photoelectron spectroscopy (XPS). XPS spectra
were recorded using a Nexsa XPS System (Thermo Fisher
Scientic, USA). The spot size of irradiation is ca. 400 mm and
the binding energy position was calibrated by C1s position as
284.8 eV.

2.1.8. Thermogravimetric analysis (TGA). TGA measure-
ments were conducted using a TGA Q500 (TA Instruments,
USA). For this purpose, ca. 3 mg of nano carbon lm or powder
was used. Sample heating was ranged from room temperature
to 900 �C at a ramping rate of 10 �Cmin�1 under a 100 standard
cubic centimeter per minute ow of synthetic air composed of
21 vol% O2 and 78% of N2.

2.2. Construction of Kataura plot

Since the surfactant-based SWNT dispersions were utilized, the
Kataura plot was constructed based on the empirical equation
of optical transitions from sodium dodecyl sulfate (SDS)-
dispersed SWNTs for s-SWNTs29 and Rayleigh scattering for m-
SWNTs.30 For s-SWNTs, SDS-SWNTs were adopted to have the
closest match with the avin surfactant system.31 On the
contrary, optical transitions of m-SWNTs were obtained from
the suspended tube in a trench since excitonic effects on m-
SWNT32 are negligible as compared to s-SWNTs.33

2.3. CI-enriched dispersions

The as-purchased PSWNTs (1 mg) were added to 4 mL of chlo-
roform, which was dried over 3 Å molecular sieve (Alfa Aesar,
MA, USA) overnight prior to use. The resulting mixture was
subjected to brief bath sonication (20 min, Branson 1510, 70 W,
Emerson, USA) and centrifugation at 10 kg for 10 min using
a high-performance centrifuge with a xed angle rotor (Avanti J-
26 XPI and JA-25.50, respectively, Beckman Coulter, IN, USA) at
room temperature using an organic solvent-tolerant centrifugal
tube (50 mL, Cat. #: 3114–0050, uorinated poly(ethylene)-co-
© 2022 The Author(s). Published by the Royal Society of Chemistry
poly(propylene), Nalgene, USA). Aer centrifugation, the 70%
supernatant was collected for use in further measurements.
Repetitive CI extractions were conducted in a similar way. The
extraction of CIs from the HiPco and LDSWNTs requires more
vigorous sonication owing to the tightly adsorbed CI on SWNTs.
Then, 1 mg of as-purchased SWNTs were added to 1 mL of
chloroform (instead of 4 mL for PSWNTs). Aer brief bath
sonication for 20min, the resultingmixture was subjected to 5 h
tip sonication (40% power, 25 W mL�1, probe tip diameter: 13
mm, VCX 750, Sonics & Materials, USA) with a bath temperature
of 15 �C maintained by an external water circulator (Lab
Companion RW-2025G, Jeio Tech, Republic of Korea). Then,
centrifugation at 10 kg for 30 min was conducted and 70%
supernatant was collected. Prior to AFM measurements, the CI
was deposited on SiO2/Si substrates by dipping into the CI-
enriched chloroform dispersion for 30 min. Then, the
substrate was rinsed with fresh chloroform and dried under
a N2 ow.

2.4. SWNT dispersions

A mixture of 1 mg of PSWNT and 1 mg of FC12 was added to
4 mL of p-xylene, which was dried over a 3 Å molecular sieve
overnight prior to use. The resulting mixture was subjected to
brief bath sonication for mixing, and then to 1 h tip sonication
(18.8 W mL�1). Centrifugations at 5 kg were conducted for 2 h
and the 80% supernatant was collected for use in further
measurements. Sonication and centrifugation were conducted
with the aforementioned equipment for CI extraction.
Surfactant-free SWNT dispersion was prepared by addition of
1 mg of as-prepared PSWNTs to 4 mL of N-methyl pyrrolidone
(NMP) with brief bath sonication (1 h). The as-sonicated NMP
dispersion was used directly for TEM sampling without any
centrifugation. SWNT dispersions with different dt, CI-removed
PSWNT dispersions, and SPSWNT dispersions were obtained by
using FC12 with a similar protocol. Anm-enriched FC12-PSWNT
dispersion was prepared by re-dispersion of the precipitate
according to our previous work.5

2.5. SWNT lm preparation

An acetone-dissolvable membrane lter was used to prepare
PSWNT lms on a quartz substrate. A 0.1 mm pore-size mixed
cellulose ester membrane lter (100 in diameter, cat. #:
A010A025A, Advantec, Japan) was used to lter ca. 3 mL of
PSWNT dispersion for further use. To prepare the SWNT lm,
the membrane lter was placed in upside-down manner on
a quartz substrate (2.5 cm � 2.5 cm � 1 mm, NC-200, Hanjin
Quartz, Republic of Korea) having 20 mL of deionized water
droplet to promote better adhesion. A dummy top slide glass
was placed and pressurized on the top of the membrane lter/
SWNT lm for few seconds to promote even adherence of the
membrane lter on SWNTs. Aer the dummy slide glass was
removed, the entrapped DI water was carefully removed using
a tissue wiper along the perimeter of the membrane lter, and
the membrane-adhered quartz substrate was quickly loaded
into a custom-made acetone vapor reux chamber prior to
dryness. Special care was taken in placing the quartz substrate,
Nanoscale Adv., 2022, 4, 3537–3548 | 3539
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so it does not come in direct contact with the acetone drop
condensed by a reux condenser. The dissolution of the
membrane lter can be observed by melting out a whitish
membrane residue within few hours and the complete removal
time required is two days. The average thickness of each PSWNT
lm was measured more than ve times using a surface proler
(Dektak XT, Bruker, USA) for s and k analyses.
2.6. Deterministic transfer of SWNT lms to a prepatterned
device

The PSWNT lm transfer process was adopted from a poly(-
methyl methacrylate) (PMMA)-assisted graphene transfer
method.28,34 Deterministic transfer of thin SWNT lms follows
the previous protocol.35 In order to transfer the SWNT lm on
a quartz substrate to a prepatterned chip, a PSWNT lm-placed
quartz substrate was initially spin-coated with PMMA (molec-
ular weight: 950 kDa, 2% dilution in anisole (A2), MicroChem,
MA, USA) at 1000 rpm for 60 s (SF-1A, BGK, Republic of Korea).
Aer that, a PMMA-coated PSWNT lm was cut carefully using
a sharp blade to make the rectangular lm (5 mm� 3 mm size),
which ts on the desired area of the pre-patterned chip. The
PMMA-coated PSWNT lm was carefully detached from a quartz
substrate by oating on a buffered oxide etchant (10 : 1 volume
ratio, 36% of NH4F and 4.7% of HF, etching rate: 1 nm s�1 at
25 �C, Sigma-Aldrich, MO, USA) for 2 h. The oated PSWNT lm
with the PMMA coating was scooped out using a clean slide
glass and washed withe residual oxide etchant and subse-
quently with DI water two times. The rectangular PSWNT lm
Fig. 1 Morphologies of components in the as-purchased PSWNT, whi
assisted NMP dispersion. TEM images of (A) SWNT, CI, and metal cataly
covered by graphitic shells. FFT images of (C) CI and (D) bundled SWNT r
(G) graphitic shell regions obtained from boxes in (E).

3540 | Nanoscale Adv., 2022, 4, 3537–3548
was transferred to an exact position of a pre-patterned chip
(lithographically dened Pt electrodes (100 nm) on a 300 mm-
thick (100) Si substrate with a suspended Si3N4 layer (100 nm)
and an Al2O3 passivation layer (30 nm))36 via a custom-made x–
y–z transfer system described in our previous report.35 To
remove the PMMA coating on the PSWNT lm, the chip was
immersed in a clean acetone bath overnight and dried at 90 �C
under 10�3 torr vacuum.
2.7. s and k measurements

Both s and k measurements were conducted using a thin lm
analyzer (TFA, Linseis, Germany) based on a previous report.36 s
was measured by the 4-point van der Pauw method using the
determined thickness. k was obtained by the 3u method to
correct for the thermal conductivities of the 100 nm-thick Si3N4

layer and the Al2O3 passivation layer. All measurements were
conducted under high vacuum up to 7.5 � 10�6 torr.
3. Results and discussion

In the rst phase of this investigation, the morphologies of the
components of as-purchased PSWNTs were explored. The
quoted contents of the PSWNT are 85–90% SWNTs and CIs, and
10–15% of a trace metal catalyst.17 The morphology of this
material, dispersed in NMP using 1 h bath sonication, was
investigated by TEM. The TEM image in Fig. 1A shows that the
sample comprises bundled SWNTs and nearby CI particles,
suggesting that a strong interaction exists between equal
ch were obtained by TEM on a sample prepared using a sonication-
st, (B) CI agglomerates near the SWNT bundle and (E) metal catalysts
egions obtained from boxes in (B). FFT images of (F) metal catalyst and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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graphitic sidewalls of the two components. The magnied view
in Fig. 1B shows that the CI exists in a disk-like agglomerated
form with edge-scrolled, crumpled akes with a size of 10–
20 nm. Moreover, fast Fourier transform (FFT) image of the
scrolled area (Fig. 1C) shows the presence of a few-layered gra-
phene structure with a layer spacing of 0.38 nm. This result
indicates that the CI has a defect containing few-layered gra-
phene structures, which contrasts with that of highly crystalline
graphite that has a vdW distance of 0.34 nm and bundled
PSWNT that has 0.36 nm spacing between the tubes (see FFT
image of Fig. 1D). In addition, the morphology of the CI is
different from that of CB, which has an onion-like graphitic
shell structure and a large number of sp3 carbons.37

As compared to the CI whose inner part is empty, the metal
catalyst comprised of Ni, Fe, and Co17,38–40 (Fig. 1E) has
a comparable size and is present as a lled sphere. In addition,
the metal catalyst has a comparable size to that of the CI and is
covered by a graphitic shell. The FFT images of the catalyst
(Fig. 1F) and shell part (Fig. 1G) contain diffraction spots with
sizes of ca. 0.19 nm and 0.33 nm originating from the (200)
reection of metallic Ni (ref. 41) and the (002) reection of
graphite, respectively. A consideration of the sizes and the
graphitic layers commonly observed in the CI and the metal
catalyst suggests that the CI originates from graphitic carbon
formed during the growth of the SWNT. Overall, the CI in
PSWNT is an edge-scrolled defect containing few-layer gra-
phene agglomerates nearby PSWNTs.

As CI contributes to a background signal in the absorption
spectrum of SWNT batches, understanding its absorption
feature is important. As part of a study aimed at generating
Fig. 2 CI-containing chloroform dispersion of the as-purchased PSWN
fitting curve (red) of the chloroform dispersion. Shaded area denotes sym
a photograph of the dispersion in chloroform. (B) The corresponding rep
major constituents. (C) Raman spectrum of CI deposited on a 285 nm-thi

© 2022 The Author(s). Published by the Royal Society of Chemistry
purer forms of SWNTs, we found that chloroform serves as
a solvent to selectively disperse CIs from PSWNTs. The disper-
sion is prepared by 20min sonication of a mixture of PSWNTs (1
mg) and dry chloroform (4 mL) followed by 10 kg centrifugation
for 10 min. A photograph displayed in the inset of Fig. 2A shows
that the generated dispersion has a pitch-black color. The cor-
responding UV-vis-MWIR absorption spectrum of CI (Fig. 2A) in
the dispersion comprises a featureless curve in the 200–
3200 nm range along with a p plasmon band at 261 nm, which
originates from the graphitic carbon structure.42,43 Moreover,
the measurement of the FT-IR spectrum and stitching to Fig. 1A
(Fig. S1 of ESI†) yields the featureless absorption spectrum up to
8000 nm. Clearly, 5847, 6233, and 7337 nm bands are corre-
sponding to the carbonyl bands (i.e., 1710, 1604, and
1362 cm�1), phenol, etc. (see ESI† for detailed FT-IR assign-
ment), respectively. This result indicates that defects of CI
mainly originate from the oxygenated defects.44–46 The remain-
ing IR features are associated with chloroform. Interestingly,
the MWIR spectral region resembles that of graphenes47,48

rather than that of CB (ref. 49) (see Fig. S2A, S2B, and S2C† for
absorption comparison of CI, CB, and graphenes). The concave
and converse absorption features of respective CI and CB made
a clear distinction. The smooth region in the spectrum of the CI-
containing dispersion up to 8000 nm was best-tted (i.e., R2 ¼
0.99925, Fig. S1†) using a biexponential curve (red):

y ¼ A1e
� x
b1 þ A2e

� x
b2 þ y0 (1)

where A1 and A2 are the coefficients of each exponential, b1 and
b2 are the tting parameters, and y0 is a constant. The values
Ts. (A) UV-vis-MWIR absorption spectrum (black) and its biexponential
metric and asymmetric vibrations of O–H appearing at 2900 nm. Inset:
resentative TEM image of the dispersion, showing CI agglomerates as
ck SiO2/Si substrate. Raman bands below 1000 cm�1 originated from Si.

Nanoscale Adv., 2022, 4, 3537–3548 | 3541
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determined for A1, A2, b1, b2 and y0 are 1174, 15 055, 1641.9,
110.5, and 186, respectively. These observations along with
those arising from TEM studies conrm that the chloroform
dispersion consists mainly of CIs. The inspection of TEM
images of materials in the chloroform dispersion (Fig. 2B and
S3A†) shows that the vast majority of the dispersion comprises
CI agglomerates, along with trace amounts of the metal catalyst.
The magnied views in additional SEM images of the thick lm
(Fig. S3D†) supported that selective CI dispersion in chloroform
contains massive CIs with few SWNTs.

Studies were carried out to generate exact weight samples of
the CI required for determining extinction coefficients (3) in the
absorption spectrum. We found that dry CIs can be obtained by
ltration of the CI dispersion arising from sonication of 1 mg
as-purchased SWNTs in 4 mL chloroform with a lter
membrane followed by drying. The dried sample removed from
the lter membrane weighing 35� 2.5 mgmL�1 has a brittle and
cracked lm morphology due to its globular particle structure.
Using this sample to generate an absorption spectrum (Fig. 2A),
we were able to obtain 3 of CI at different wavelengths (e.g., 1170
(carbonM orMC)

�1 cm�1 at 550 nm). Comparison of absorption
cross section (sabs) with monolayer graphenes provides more
insights into the nature of CI. Specically, sabs of the CI,
determined using the formula sabs ¼ 2.33/NA, where NA is Avo-
gadro's number (6.02 � 1023 mol�1), is 4.47 � 10�18 cm2 C�1

(see ESI† for the detailed calculation). This value is about 76%
of the one (5.9 � 10�18 cm2) based on 97.7% transmittance of
monolayer graphenes.50 This result indicates that the CI
consists of a defective graphene structure.
Fig. 3 Quantification of CIs present in SWNT batches with different dt ra
SDS-wrapped s-SWNTs (square) and Rayleigh scattering-based m-SWN
areas denote dt ranges of each SWNT species. The separation of absorptio
wavelength region containing the least optical transitions correspondin
LDSWNT dispersed by FC12 and p-xylene in a similar manner. Backgroun
for each SWNT batch were indicated by red arrow. CI reference points of

3542 | Nanoscale Adv., 2022, 4, 3537–3548
The Raman spectrum of isolated CI, deposited on a 285 nm-
thick SiO2/Si substrate, was obtained (Fig. 2C). Along with
Raman bands originating from Si below 1000 cm�1,51 the
spectrum produced by excitation at 532 nm exhibits two
prominent bands near 1350 cm�1 and 1594 cm�1 originating
from disordered D and graphitic G bands that are commonly
observed in graphitic nanocarbon.52,53 In addition, G band
intensities are much stronger than that of the 2D band, sug-
gesting graphitic structures. Moreover, the signicant D band
intensity indicates a defective graphene structure. However, the
spectrum is quite different from those observed for amorphous
carbon and CB, which contain larger D bands than G bands,
and a concomitant D0 band near 1620 cm�1.53 Based on the
intensity ratio of D over G bands (ID/IG) of the CI (i.e., 0.267) and
CB (i.e., 0.87), the defect density LD was calculated as 23 and
12 nm, respectively (see ESI† for defect density calculations).
This result indicates that the CI has a greater crystalline portion
than CB, leading to large contributions in the absorption
spectrum.

A plot of optical transitions vs. dt of the SWNT (Kataura
plot29,30,54 in Fig. 3A) can be employed for determining the
reference point to understand the contribution of CIs from the
SWNT spectrum. s- and m-symbols up to 3 nm dt were obtained
from the respective SDS-encapsulated s-SWNT dispersion29 and
Rayleigh measurement of suspended m-SWNTs30 respectively to
consider the excitonic effect of SWNTs (see Methods). There-
fore, SWNTs with the largest dt existing for a given batch was
utilized to set the lower bound of optical transition-devoid
wavelength region situated above the resulting lowest lying
nges. (A) Kataura plot of dt vs. optical transition wavelengths based on
Ts (circle), as reported in the literature.29,30 Purple, green, and brown
n spectra into SWNT and CI contributions with SWNT batches using the
g to SWNTs. The absorption spectra of (B) HiPco, (C) PSWNT, and (D)
d absorption of CI is denoted as a dashed curve. Reference points of CI
B, C, and D are 1982, 2496, and 4102 nm, respectively, based on eqn (2).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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optical transition owing to the inverse relationship between dt
and optical transitions in energy. This is accomplished by
setting a reference point (red line in Fig. 3A) that is distinct from
optical transitions of SWNTs with different dt, considering full
width at half maximum of optical transitions of SWNTs (i.e., 20–
30 meV for the rst optical transitions (eS11) of s-SWNTs55) and
slight SWNT bundling (i.e., 20–56 meV for the optical transi-
tions for SWNT bundles56). Shaded color-coded areas in the plot
correspond to SWNT species with different dt distributions, in
which the quantication of CI is examined. The species,
including HiPco process SWNT (dt distribution: 1.0 � 0.35 nm),
PSWNT (dt distribution: 1.3 � 0.35 nm), and LDSWNT (dt < 3.0
nm), were dispersed by sonochemistry using isomolar FC12
(i.e., 0.61 mM) in p-xylene and a protocol described in the
Methods section. In the Kataura plot, each SWNT with known dt
distribution has an eS11 optical transition-devoid wavelength
region (red line and above) in the MWIR region, which is used
as the CI reference point to determine the net contributions of
the SWNT and CI.

The combined results led to empirical derivation of an
equation for nding the reference point used for CIs in nm (lCI)
in correcting various SWNT spectra. The relationship consid-
ering the aforementioned full width at half maximum of SWNTs
and slight SWNT bundling is as follows:

lCI ¼ adt, max + b (2)

where a and b denote coefficients, and dt, max represents the
maximum diameter of a given SWNT. The dimensionless coef-
cient a is 1285 and b is 247 nm. Using this equation, one can
estimate lCI for a SWNT having known dt ranges. The biexpo-
nential tting curve in eqn (1) was utilized to subtract those
reference points.

We explored several examples in which this protocol was
employed to determine the net spectral contributions of the
SWNT and CI. It was reported that a FC12-SWNT dispersion
created using aromatic solvents such as p-xylene and toluene is
enriched in individualized s-SWNTs and CIs, and does not
contain large amounts of bundled SWNTs.5,31,55 This fact
assures that background absorption in the absorption spectra
of the SWNT dispersion mostly originates from CI. The
absorption spectrum of the IR region (2500 to 25 000 nm, blue)
from FT-IR measurement was stitched in the 2900–3200 nm
region of the absorption spectrum acquired using a UV-vis-
MWIR absorption spectrometer (black). In the FT-IR region,
vibrations originating from surfactants, residual water, and p-
xylene were also observed (see ESI† for the vibration assign-
ments). At rst, bands in the spectra of a PSWNT dispersion
(Fig. 3C), whose eS11 tails up to 2100 nm, are expected not to
have s-SWNT contributions in the region higher than 2100 nm.
Moreover, the eM00 band, originating from an opened band gap
in the density of state continuum caused by SWNT curvature
and doping,57,58 typically occurs in the MWIR region (3000 to
25 000 nm) for m-SWNTs with small dt. For PSWNTs with a dt
distribution of 1.3 � 0.35 nm, 2496 nm was obtained using eqn
(2). The resulting subtracted spectrum (Fig. S4†) has nearly no
absorbance from 2300 nm.
© 2022 The Author(s). Published by the Royal Society of Chemistry
In a similar manner, contributions of CIs to the spectra of
HiPco (Fig. 3B) and LDSWNT (Fig. 3D) dispersions were deter-
mined by adjusting the CI spectrum to the reference point in
the Kataura plot. HiPco with the smallest dt among three SWNT
samples was set to have a reference position at 1982 nm and
LDSWNTs with the largest dt at 4102 nm which is the IR region.
Upon closer look, the MWIR region (i.e., 3000–4500 nm) of the
HiPco sample displays rising absorption above the CI absorp-
tion (red dashed line). This originates from the eM00 band of m-
SWNT. Investigation up to long-wavelength and far IR region
(8000 to 25 000 nm, Fig. S5†) shows that HiPco and LDSWNT
samples exhibit eM00 while PSWNT does not have. Moreover,
HiPco shows maximum of eM00 at ca. 10 000 nm (1000 cm�1)
while LDSWNT exhibits rising absorption up to 25 000 nm
(400 cm�1). This clearly indicates that those absorptions
depend on the dt range of the m-SWNT in each sample. This is
in line with m-SWNT observation using the IR region.59,60

By using both of these approaches and the determined 3

value of CI, we deduced the SWNT concentrations present in
various SWNT dispersions. For this, we obtained overall weights
in each SWNT dispersion with known absorbance. Separately,
the CI concentration was obtained by 3 using CI reference
points for each sample (CI concentration: 7.19 � 0.52 mg mL�1

in HiPco dispersion, 1.93� 0.14 mg mL�1 in PSWNT dispersion,
and 15.6 � 1.1 mg mL�1 in LDSWNT dispersion). The ltration
of each dispersion using a 1.0 mm pore-sized PTFE lter fol-
lowed by complete acetone washing results in the production of
lms containing both SWNTs and CIs (HiPco: 49.8 � 0.62 mg
mL; PSWNT: 8.53 � 0.15 mg mL; LDSWNT: 84.1 � 1.2 mg mL�1).
It is noteworthy that the ltrate did not contain either PSWNTs
or CIs. This result indicates that although the absorption
spectrum appears to indicate that a small amount of CI is
present, it exists in the signicantly large weight of 12.6, 18.5,
and 15.6% in HiPco, PSWNTs, and LDSWNTs, respectively.
Among various SWNT dispersions, HiPco has the smallest CI
content, whereas the PSWNT has the largest. The observed
increasing CI contributions with the increase in average dt in
the absorption spectra (Fig. 3B to D) might appear contrasting
with the quantied CI weight percentage. However, consider-
ation of both signicant m-SWNT contents in LDSWNTs and
near-absent m-SWNT contents in PSWNT explains such CI
weight difference.

CI content trends of these SWNTs were conrmed by both
SEM and AFM. First, to determine how the morphologies of CI
are different for given SWNT batches, SWNT lms from each
dispersion were prepared by a ltration method. The SEM
images (Fig. 4A to C) regardless of the samples display that CIs
are much brighter than overall SWNTs. As the m-SWNT has
much brightness than that of the s-SWNT under the SEM image
due to higher secondary electrons originating from free elec-
trons,61 so does metallic CI. Based on this, CI is marked in red,
as shown in Fig. 4A0 to 4C0. Clearly, CIs in HiPco and LDSWNTs
were much conformally bound to the SWNT surface and have
a much smaller size (few nm) than that of the PSWNT. More-
over, CIs of the PSWNT are more clustered and much higher
contents. This is in line with the determined CI contents in each
SWNT batch and the reason why the CI in PSWNT can be
Nanoscale Adv., 2022, 4, 3537–3548 | 3543
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Fig. 4 Visualization in the morphologies of the CI present in each SWNT film. (A to C) SEM images and (A0 to C0) CI-marked (red) SEM image of
each film. The background in the SEM images was colored in blue for visual clarity.
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relatively easily removed by chloroform extraction. The AFM
results also unequivocally support such proposition. Fig. S6A to
S6C† show the AFM height images of the respective SWNT
deposited on a 285 nm-thick SiO2/Si substrate aer extensive
washing with acetone to remove any residual FC12. Although
repetitive washing with acetone, while the PSWNT sample
(Fig. S6B†) exhibits a smooth individualized SWNT surface and
CI according to the previous literature,31 HiPco (Fig. S6A†)
shows an irregular height topography on SWNTs along with
LDSWNTs to a lesser extent (Fig. S6C†), suggesting adsorbed CI.
Each growth method of SWNT results in different CI
morphologies.

To determine whether chloroform-based CI extraction
method can be utilized for the removal of the conformally
bound CIs on SWNTs, similar CI extractions for HiPco and
LDSWNT samples were conducted. The exfoliation of CIs on
those SWNT surfaces requires more vigorous tip sonication with
extended time as compared to bath sonication for PSWNTs. The
absorption spectra of the resulting CI-enriched dispersion
(Fig. S7A and S7B†) resemble the biexponential curve of CI of
eqn (1) (red), except the overtone (1694 nm) and combination
(2371 nm) of chloroform vibrational features.62,63 The AFM
measurement of each extracted CI (inset of Fig. S7A and S7B†)
shows globular CI morphologies, which are ascribed to the
spontaneous graphene scroll in dissimilar solvents.64,65 This
experiment indicates that the CI morphology determines the
degree of CI extraction using chloroform.

To conrm the weight percentage measurements, we
prepared a bulk sample for TGA. Prior to carrying out this
analysis, a FC12-PSWNT dispersion was ltered and washed
3544 | Nanoscale Adv., 2022, 4, 3537–3548
with copious amounts of acetone. The result of XPS (Fig. S8A to
S8C†) conrmed that PSWNTs, acetone-washed PSWNTs and CI
samples do not contain appreciable nitrogen contents (i.e.,
below 0.5%, respectively, Fig. S8D†), suggesting that no appre-
ciable avin surfactant is present in the lm. In addition, the
increased oxygen content (i.e., 2.0 to 6.2%) at the expense of
carbon content (97.5 to 93.3%) for PSWNT/acetone-washed
PSWNTs is due to the oxidation of SWNTs and nanocarbons
during sonication, whereas the CI displays similar atomic
contents with PSWNTs. It is noteworthy that ca. 2% of oxygen
present in the CI mainly originates from the carbonyl func-
tionality observed in the FT-IR measurement. The results of
TGA (Fig. S9A to S9C†) show that PSWNTs, CIs, and acetone-
washed PSWNTs have different thermograms against air. For
instance, while the CI displays a lower decomposition temper-
ature (a maximum weight loss at 600 �C), acetone-washed
PSWNTs display a higher decomposition temperature by 40–
80 �C (a large weight loss at 640–680 �C). The TGA trace of
PSWNTs is in between that of CIs and acetone-washed PSWNTs.
Fitting the thermogram from PSWNTs shows that respective
contributions from CI and PSWNT of ca. 20% and 80%
(Fig. S9D†) give the closest match with the above-determined
weight percentage of CIs in PSWNTs (i.e., 18.5%).

We demonstrated the efficacy of using chloroform to sepa-
rate CIs from PSWNTs by comparing the produced PSWNT to
the as-purchased SPSWNT, which compared to PSWNTs has
a 1–3% CI content. For this purpose, the CI was repetitively
extracted from PSWNTs using chloroform (see Methods).
Fig. 5A to D display the normalized UV-vis-MWIR spectra of
FC12-PSWNT dispersions obtained from varying extraction
© 2022 The Author(s). Published by the Royal Society of Chemistry
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times (i.e., without extraction, 3 times, and 6 times). While the
spectra are not greatly different in terms of intensities of optical
transitions and m-/s-ratios of PSWNTs, it is clear that the CI
contribution is lowered by increasing the number of extractions
(see dashed lines in Fig. 5A to C). In addition, the chloroform
extraction with 6 times results in reduced overall weight by 78%
and increased SWNT purity (81 to 91%), as shown in Fig. S10.†
Overlaid CI-subtracted net SWNT spectra with varying number
of extraction (Fig. S11†) indicate that the spectra remain
similar, suggesting a negligible change in PSWNT distribution
along with the effective removal of CI. Especially, 3 to 6 times
extracted samples have a lower CI level as compared to
SPSWNTs, as shown in Fig. 5D. Moreover, comparison of
PSWNTs without chloroform extraction and SPSWNTs indicates
that there are signicant eS11 and higher transition shis to
a longer wavelength, possibly due to the oxidative instability of
the smaller-dt PSWNT during the CI removal step for SPSWNT
preparation. Moreover, SPSWNTs prepared under mild oxida-
tion conditions are about 40 times expensive as compared to
PSWNTs.30

Those trends were conrmed by AFM height measurements.
The corresponding AFM images aer acetone treatment (Fig. 5E
to G) show that the CI content decreased remarkably aer 3
times CI extraction. In addition, as the CI extraction proceeded
up to 6 times from as-purchased SWNTs, the average number of
CIs per SWNT length (Fig. S12†) continued to decrease (i.e., 2.17
� 0.34, 0.69 � 0.32 and 0.32 � 0.05 CI/SWNT length (mm) for
without extraction, 3 times extracted and 6 times extracted
Fig. 5 Effects of repetitive chloroform extraction of PSWNTs on SWNT d
from (A) without chloroform extraction (black), (B) 3 times chloroform ex
SPSWNT dispersion (magenta), which were dispersed by FC12 in p-xylen
were originating from the sample without chloroform extraction for vis
samples were deposited on 285 nm-thick SiO2/Si substrates. FC12 was

© 2022 The Author(s). Published by the Royal Society of Chemistry
samples, respectively). This value of the 6 times extracted
sample is comparable with that of the SPSWNT sample (0.21 CIs
per 1 mm SWNTs) (Fig. 5H). Comparison between the use of the
chloroform extraction and oxidative CI removal methods clearly
demonstrates that the former method is facile and it does not
greatly disturb the original SWNT distribution.

The effects of CI on s and k, two important physical prop-
erties of a SWNT, were elucidated. The device used for this
purpose contains both pre-patterned s and k measuring
components (see Fig. S13† for the detailed conguration),
enabling simultaneous measurements of thin SWNT lms to be
made. PSWNT lms of varying CI contents were transferred
onto an electrode-pre-patterned substrate, as shown in Fig. 6A
and S14† (see Methods). A deterministic transfer method was
utilized to transfer the thin SWNT lm (Fig. 6A), according to
the literature.35 This method consists of the following steps: (i)
ltration of SWNT dispersion on a membrane, (ii) transfer of
SWNT lms to a quartz substrate by dissolution of the
membrane, (iii) PMMA spin-coating onto a SWNT lm/quartz
substrate, (iv) oating PMMA/SWNT lms from the quartz
substrate by buffered oxide etchants, and (v) transferring onto
a desired substrate using two sets of translators and dissolution
of the PMMA layer with acetone. Prior to step (iv), the lm is cut
into a desired size (5 mm � 3 mm).

PSWNT dispersions containing different amounts of CI were
prepared to determine the effect of weight percentage of CI on s

and k. FC12-PSWNT dispersions with specic CI weight
percentage (i.e., 1.93, 3.86, 9.65, 19.3, and 38.6 mg mL�1 or 18.5,
istribution and degree of CI removal. UV-vis-MWIR absorption spectra
traction (red), (C) 6 times chloroform extraction (blue) samples, and (D)
e. Dashed lines indicate CI contributions to the spectra. Grey spectra
ual comparison. (E–H) The corresponding AFM height images whose
completely washed with acetone.

Nanoscale Adv., 2022, 4, 3537–3548 | 3545
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Fig. 6 Effect of CI contents on the physical properties of a PSWNT film. (A) Schematic of the deterministic transfer of PSWNT films with the
largest CI content. Left and right photographs are before and after the transfer of the PSWNT film. Four Au electrodes were utilized for the s

measurement and the dashed box area is used for the k measurement. (B) Absorption spectra of PSWNT films with the increase in CI
concentration on quartz. Inset: thickness change of PSWNT filmsmeasured using a surface profiler. The error bars for thickness were obtained by
averaging the thicknesses of five different areas. Plots of (C) s and (D) k vs. CI weight percentage in PSWNT films, and comparison with CB and s-
SWNTs.
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31.2, 53.1, 69.3, and 81.9 wt% in carbon) were prepared by
adding the CI-enriched powder to FC12-PSWNT dispersions.
Upon increasing the CI weight percentage in the PSWNT
dispersion, background absorption originating from the CI
increases proportionally without changing the optical features
of PSWNT (Fig. S15†). The dispersions were subjected to ltra-
tion and lms were prepared by dissolution of the ltration
membrane using acetone vapor to remove FC12 (see Methods).
Aer step (ii) (Fig. 6B), the absorption spectra of the produced
PSWNT lms were acquired. The spectra contain broad and
featureless eM11, e

S
22, and eS11 bands owing to PSWNT bundling.

Separately, the average thickness of each PSWNT lm was
varied from 104 to 2201 nm with the lms having increasing
roughness (Fig. S16A to S16E† for each height prole).

The s and k values of PSWNT lms containing varying CI
weight percentages (Fig. 6C and D) were obtained under
vacuum conditions (i.e., 7.5 � 10�6 torr). Plots of s and k vs. CI
weight percentage show that both values decrease with the
increase in CI weight percentage. For instance, s values
decrease from 4800 to 2000 S m�1 as the CI weight percentage
increases. These values lie in between those of puriedm-SWNT
(i.e., 5� 104 S m�1) and s-SWNT (i.e., 100 S m�1) lms,66 and are
much greater than that of CB (i.e., 90 S m�1).67 It is reasonable
that the sample with the highest CI weight percentage shows
greater s than that of CB since CI has less defects. In addition, k
values decrease from 12 to 0.8 W mK�1 with the increase in CI
3546 | Nanoscale Adv., 2022, 4, 3537–3548
weight percentage, and they are much smaller than k of m-
SWNT (100 W mK�1) and s-SWNT (200 W mK�1) lms.68 Inter-
estingly, k undergoes a greater change than does s with the
increase in CI weight percentage.

Empirically, the Wiedemann–Franz law69 suggests that the
ratio of k to s of a metal is proportional to the temperature
according to k/s ¼ LT, where L is the Lorenz number (2.44 �
10�8 WUK�2). In our case, samples with 18.5–81.9 wt% CI
display k/s from 2.71 � 10�3 to 5 � 10�4 WUK�1 at room
temperature. With the increase in CI weight percentage, their
LT value (7.27 � 10�6 WUK�1) approached that of the metal.
The deviation likely originates from electrical transport varia-
tions from s-PSWNT to CI as a major conduction channel.
Nevertheless, this result suggests that the CI has a metallic
nature. In addition, respective k values of CB and dedoped s-
SWNT are 0.1–0.2 W mK�1 (ref. 70 and 71) and 2 W mK�1,8 and
the CI value (0.80 W mK�1 for 81.9 wt% CI) lies between both.
The k value in the CI and CB also follows a defect trend, as
observed in the absorption and Raman results.
4. Conclusions

As described above, we developed techniques for the removal
and quantication of CI present in a PSWNT batch. PSWNT
contains bundled SWNTs, CIs and a metal catalyst. We found
that sonochemical dispersion of PSWNTs in chloroform
© 2022 The Author(s). Published by the Royal Society of Chemistry
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selectively disperses CI. The produced CI is an agglomerated
form of edge-scrolled and defective few-layer graphene with
a lateral size of 10–20 nm. UV-vis-MWIR absorption spectro-
scopic analysis of the CI shows that its absorption prole can be
tted by a biexponential curve and that it has an absorption
cross section comparable to that of graphenes. Through
a consideration of a Kataura plot and CI absorption, we were
able to construct the net SWNT spectrum by using reference
points in the MWIR region to subtract the CI contribution
according to a given SWNT dt distribution, which differs in
different SWNT batches. The quantication method of CI was
veried using SEM and AFM methodologies. The extension of
absorption measurement up to far IR enables the measurement
of the accurate contribution of s- and m-SWNTs. The efficacy of
repetitive CI removal using a chloroform extraction was
assessed and compared to the oxidative removal of CIs. The
results indicate that the chloroform extraction is a much milder
process. While the CI weight percentage in the SWNT lm varies
from 18.5 to 82%, the electrical conductivity of the SWNT varies
from 4800 to 2000 S m�1, whereas thermal conductivities vary
from 12 to 0.8 W mK�1. The morphological and optoelectronic
properties of CI elucidated in this investigation provide
a complete picture of an important factor governing the elec-
tronic properties of a SWNT.
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