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Abstract:

A reagent-based treatment method was developed for the removal of sodium dodecyl
sulfate (SDS) from aqueous dispersions of single-wall carbon nanotubes (SWCNTSs). Based on a
survey of various reagents, organic solvents emerged as the most effective at interrupting the
SDS:SWCNT interaction without producing deleterious side reactions or causing precipitation of
the surfactant. Specifically, treatment with acetone or acetonitrile allows for the facile isolation
of SWCNTs with near complete removal of SDS through vacuum filtration, resulting in a 100x
reduction in processing time. These findings were validated via quantitative analysis using
thermogravimetric analysis, Raman spectroscopy, 4-point probe electrical measurement, and x-
ray photoelectron spectroscopy. Subsequent thermal oxidation further enhances the purity of the
reagent treated samples and yields bulk SWCNT samples with >95% carbonaceous purity. The
proposed reagent treatment method thus demonstrates potential for large volume SWCNT

processing.
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1. Introduction:

Amphiphilic surfactants have facilitated the use of single-wall carbon nanotubes
(SWCNTSs) in a number of applications, enabling the exploration of their unique physical and
electrical properties. The limited solubility of SWCNTs in water makes them difficult to work
with, necessitating the use of surfactants and ultrasonication to form stable aqueous dispersions.
Sodium dodecylsulfate (SDS) is the most commonly employed surfactant in applications such as
spectroscopy [1-5], chirality separations [6-8], and device fabrication (i.e., transparent
conducting films[9, 10], organic photovoltaics [11], batteries [12], etc.). However, the presence
of residual SDS on the surface of the SWCNTs makes it difficult to probe their intrinsic
properties and can require additional post-processing purification for some applications.

Early reports indicated that SDS could be removed from SWCNTSs via vacuum filtration
and copious water rinsing [13, 14]. The amount of water rinsing was typically determined using
visual indicators when bubbling of the surfactant through the filter membrane stopped; however,
there has been insufficient evidence of the resulting SWCNT purity through quantitative analysis
for this method. In fact, recent literature demonstrates that simple water rinsing alone leaves
behind up to 15 wt. % residual SDS in SWCNT thin-films prepared by this technique [12]. As
such, the addition of thermal oxidation and/or annealing after sample processing facilitates the
removal of residual SDS from water rinsed SWCNT thin-films and bulk papers [15-18], yet
complete SDS removal with thermal treatments alone has not been demonstrated. Alternate
approaches have examined the removal of residual SDS and other common surfactants by
soaking SWCNT samples in concentrated nitric acid, which is proposed to remove the residual

SDS, as well as defective SWCNTSs from the sample [9-12, 19]. Furthermore, acidification of



the surfactant salt with HCI creates a byproduct that can be solubilized and washed away with
ethanol [20]. More sophisticated techniques have focused on the decomposition of organic
compounds, such as surfactants, through the use of the Fenton reaction [21]; however, as with
the acid treatments this is a time consuming process that has not been shown to fully remove the
residual SDS from the SWCNTSs.

In the current work, a facile and scalable reagent-based method of surfactant removal is
developed to isolate SWCNTs from aqueous SDS-based dispersions. Various reagents are
evaluated for their ability to interrupt the SDS:SWCNT interaction in solution, with the goal of
precipitating the SWCNTSs for easy isolation via vacuum filtration. The resulting bulk SWCNT
papers were characterized using scanning electron microscopy (SEM), Raman spectroscopy,
thermogravimetric analysis (TGA), 4-point probe electrical measurements, and Xx-ray
photoelectron spectroscopy (XPS) to evaluate the purity of the reagent treated samples compared
to a control that was filtered from SDS and rinsed only with water. A portion of each sample is
subsequently exposed to thermal oxidation treatment in air, and the characterization is repeated
to evaluate any enhanced purity of the reagent treated SWCNT samples. A distinct relationship
is observed between SWCNT purity and reagent composition, and an optimized purification

protocol is developed for the removal of SDS from SWCNTSs.

2. Experimental:

2.1 SWCNT Synthesis and Preparation of P-SWCNT Control Sample
Single-wall carbon nanotubes (SWCNTSs) were synthesized in-house via pulsed laser
vaporization employing an Alexandrite laser (755 nm) in argon carrier gas at 1150°C. The laser

pulse was rastered over the surface of a graphite (Alfa Aesar, Graphite Flake, median 7-10 um,



99% metal basis) target doped with 3% w/w Ni (Sigma-Aldrich, <1 pm, 99.8% trace metals
basis) and 3% w/w Co (Sigma-Aldrich, 2 pm, 99.8% trace metals basis) [22]. The as-produced
SWCNT soot was purified of metal catalyst and carbonaceous impurities using previously
established acid reflux and thermal oxidation (ramp-stop at 10°C/min to 520°C) procedures [23,
24]. The SWCNT sample was further purified by soaking in 37% HCI for 10 min, rinsed with
copious amounts of deionized (DI) H2O, then soaked for an additional 1 h in 37% HCI to remove
residual Ni and Co catalyst. The sample was rinsed with DI H.O, then thermally oxidized as
described previously to remove residual acid and carbonaceous impurities. The purified
SWCNT material (P-SWCNT) serves as the experimental control for all subsequent reagent-

treated SWCNT samples.

2.2 SWCNT Characterization

The purity of the SWCNT bulk papers was analyzed qualitatively via scanning electron
microscopy (Hitachi S900 Field Emission SEM, 2 kV accelerating voltage) and quantitatively
using optical absorption spectroscopy (Perkin-Elmer Lambda 900), Raman spectroscopy (Jobin
Yvon Horiba LabRam Spectrometer, 1.96 eV laser energy), thermogravimetric analysis (TA
Instruments TGA Q5000, Balance Purge: N2(g) 20 mL/min, Sample Purge: Air 20 mL/min,
Ramp Rate: 10°C/min), and x-ray photoelectron spectroscopy (ThermoScientific Monochromatic
Al k-alpha source (1487 eV), 50 eV pass energy, 400 um spot). Electrical characterization was
performed via the 4-point probe van der Pauw method using a Signatone H100 Series probe
station affixed with a NI PX1-4130 Power SMU to supply the current and PXI-4171 for voltage

measurement.



2.3 Preparation of SDS-SWCNT and H20-SWCNT Control Samples

P-SWCNTs were dispersed in 840 mL of an aqueous solution of 2.0 wt% sodium dodecyl
sulfate (SDS, Sigma-Aldrich, ACS reagent, >99.0%) with a SWCNT concentration of 50 pg/mL
via bath (3 h) and horn (5 h) ultrasonication in an ice-water bath. A 120 mL aliquot was
removed, and the SWCNTSs were isolated via vacuum filtration onto a PTFE membrane (0.1 pm
pore size). As a control, the SWCNTs were rinsed with 50 mL of DI H>O and remained under
vacuum in the filtration apparatus to dry for 1 h, yielding a bulk paper (SDS-SWCNT) with an
areal mass density of 0.6 mg/cm?. For consistency, the SWCNT mass and areal density was
fixed for all additional SWCNT samples fabricated in the current study. To control for the effect
of processing on the SWCNT physical and electrical properties, a second control sample was
prepared whereby P-SWCNTs were ultrasonicated in DI H2O (no surfactant) using the same
concentration, processing times, and conditions as described above. This sample (referred to as
H>O-SWCNT) was subsequently filtered, rinsed, and dried in a manner consistent with the SDS-
SWCNT sample. After releasing the SDS-SWCNT and H>O-SWCNT samples from the filter

membrane, both samples were further dried in a vacuum oven at 100°C for 1 h.

2.4 Preparation of HCI-SWCNT Control Sample

A third control sample (referred to as HCI-SWCNT) was prepared using a previously
reported procedure for removing sodium deoxycholate from SWCNTs [20]. In short, a 120 mL
aliquot of SWCNTs in 2.0 wt% SDS was removed from the stock and mixed with an equal
volume of 6 M HCI. The mixture was bath sonicated for 1 h, then vacuum filtered onto a PTFE
membrane and rinsed with 50 mL of DI H,O. The sample was redispersed in ethanol via bath

sonication for 1 h. The resulting dispersion was heated to 80°C in a water bath for 1h, and



subsequently filtered onto a PTFE membrane to isolate the treated SWCNTs. The HCI-SWCNT
sample was rinsed with fresh ethanol and remained under vacuum in the filtration apparatus to
dry for 1 h, then dried at 100°C for 1 h in a vacuum oven after releasing from the filter

membrane.

2.5 Reagent Treatment and Thermal Oxidation Protocol

The remaining SWCNT dispersion was divided into 5 equal aliquots, each containing 120
mL. Surfactant removal from the SWCNTs was examined by adding an equal volume of reagent
to the specified aliquot. The reagents examined in the current study include acetone (ACT-
SWCNT), ethanol (EtOH-SWCNT), N,N-dimethlyacetamide (DMA-SWCNT), 1-cyclohexyl-2-
pyrrolidone (CHP-SWCNT), and acetonitrile (ACN-SWCNT). All solvents were purchased
from Sigma-Aldrich with purity >99%. The reagent treated dispersions were bath sonicated for
1 h, then filtered onto a PTFE membrane to isolate the SWCNTSs, which were rinsed with 50 mL
of fresh solvent. The resulting bulk SWCNT samples were dried in a vacuum oven at 100°C for
1 h. The purity of the reagent treated samples was characterized by SEM, Raman spectroscopy,
TGA, XPS, and 4-point probe electrical measurements. Following characterization, each
SWCNT sample (including both control samples and reagent treated samples) was thermally
oxidized in air with a ramp-stop at 10°C/min to 520°C. Repeat characterization was performed

and the results compared to the as-produced and P-SWCNT samples.

3. Results and Discussion:

The SWCNTSs used in this work were synthesized in-house via laser vaporization, and

their physical properties, including average length (~5 pum) [25] and diameter (~1.1 nm) [26],



have been well documented in the literature. The purity of the SWCNT starting material must be
accurately characterized to provide a reference against which changes due to surfactant
contamination can be compared, and to assess the efficacy of the reagent treatments. The
SWCNT purity was characterized using optical absorbance spectroscopy (see Figure S1a), TGA
(see Figure S1b), and XPS analysis (see Figure S2), and the defect content characterized via
Raman spectroscopy (see Figure Sic). Based on these analyses, it is concluded that the P-
SWCNT reference material is comparable to a 100% pure SWCNT reference based on
carbonaceous content from analysis of the optical absorbance spectrum [23], and contains <1%
metal catalyst content based on TGA. Surface analysis via XPS shows no measurable Ni or Co
catalyst, confirming the TGA results. Additionally, analysis of the Raman spectra results in a
D/G ratio of 0.15, which further demonstrates the relative quality of the SWCNT starting
material [27, 28]. Thus, the SWCNT starting material is sufficiently pure and nearly defect free,
and can be used as a metric to compare the effects of residual surfactant and the efficiency of the
proposed reagent-based surfactant removal method.

A number of reagents were qualitatively surveyed by mixing equal volumes of P-
SWCNTSs dispersed in 2.0 wt% SDS with the desired reagent. Listed in Table 1 are the reagents
surveyed, including various acids, bases, organic solvents, and salts. Although the effect of
reagent mixing was almost immediately observed, the solution was bath sonicated for 1 h to
ensure sufficient mixing and consistency between samples. Those reagents that interrupted the
SDS:SWCNT interaction (i.e., caused SWCNT precipitation but did not change the SDS
solubility) were of highest interest as these would allow the SWCNTSs to be easily filtered from
the bulk solution. Based on the qualitative analysis of approximately 20 reagents, five organic

solvents vyielded the preferred results, including acetone (ACT), ethanol (EtOH), N,N-



dimethylacetamide (DMA), 1-cyclohexyl-2-pyrrolidone (CHP), and acetonitrile (ACN). Figure
la and b show representative photographs of the initial SWCNT dispersion in 2.0 wt% SDS and
the desired reagent interaction, respectively. Reagents were eliminated from the study if they
caused both the SWCNTs and SDS to precipitate, caused a visible side reaction indicated by a
color change, or did not affect the SDS:SWCNT interaction (see Figure 1c-e, respectively). In
general, the acids and bases were excluded from additional analysis because they exhibited an
undesirable interaction with the SWCNTSs, as shown in Table 1. Additionally, the influence of
doping can convolute the interpretation of purification efficacy in the spectroscopic and electrical
analysis.[29, 30] This qualitative reagent survey was conducted using a 1:1 (v:v) ratio to disrupt
the SDS:SWCNT interaction for the selected reagents. The post-mixing sonication time and
temperature were found to have little consequence on the efficacy of the reagent treatment.
Thus, based on the results shown in Table 1, further characterization of the ACT-, EtOH-,
DMA-, CHP-, and ACN-treated SWCNT samples was conducted to quantitatively determine

how efficient each reagent was toward removing residual SDS from the SWCNTSs.



Table 1. The table provides a summary of the various reagents surveyed through qualitative visual inspection and
their effect on the SDS:SWCNT interaction in solution.

Reagent SWCNT Only SWCNT + SDS Visible No
Precipitation Precipitation Reaction Change

Hydrochloric acid v
Nitric acid v
Acids Acetic acid v
Sulfuric acid v
Phosphoric acid v

Sodium hydroxide
Bases Potassium hydroxide
Hydrogen peroxide v

ENEN

Acetone
Acetonitrile
Ethanol
N,N-Dimethylacetamide
1-Cyclohexyl-2-pyrrolidone
Dimethyl sulfoxide
Dodecanol
Chloroform

Organics

SNENENENENEN

ANIENIN

lonics Sodium chloride

(a) (b)

- al— . >
. . S ~ " ' ~———
Starting SWCNT SWCNT +SDS  Visible No
Dispersion  Precipitation Precipitation Reaction Change

Figure 1. A photograph of (a) P-SWCNTSs dispersed in aqueous 2.0 wt% SDS. Based on a qualitative screening of
various acids, bases, organic solvents, and salts, a successful reagent will (b) interrupt the SWCNT:SDS interaction
but not affect the solubility of the surfactant (e.g., P-SWCNTSs + acetone), whereas an unsuccessful reagent will (c)
cause both the SWCNTSs and SDS to precipitate (e.g., P-SWCNTSs + potassium hydroxide), (d) cause a side reaction
indicated by color change (e.g., P-SWCNTSs + sulfuric acid), or (e) have no effect on the SWCNT:SDS interaction

(e.g., P-SWCNTSs + hydrogen peroxide).



SEM analysis was used as a rapid, but qualitative, measure of SWCNT purity.
Approximately 25 micrographs of each sample were obtained from different regions and at
different magnifications to ensure that the representative images shown herein are characteristic
of the sample as a whole. Figure 2a shows a representative micrograph of the P-SWCNT control
sample, which clearly indicates that the SWCNT surface morphology is free from carbonaceous
and metal catalyst impurities. SEM analysis of the SDS-SWCNTSs (see Figure 2b) reveals that
there is a residual surfactant coating on the SWCNT surface, making the bundles more difficult
to resolve. The surface morphology of the H,O-SWCNT control sample (see Figure S3a) is
nominally identical to that of the P-SWCNT control sample, confirming that the coating on the
SDS-SWCNT sample is related to the residual surfactant and not carbonaceous impurities
introduced during ultrasonication. The SEM analysis demonstrates that there is residual
surfactant adsorbed to the SWCNT surface even though water washing removes bulk SDS from
the sample. Therefore, development of the reagent-based purification method is necessary to
remove the residual surfactant surface coatings and facilitate the complete purification of

SWCNTs after exposure to SDS.
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Figure 2. SEM analysis for the (a) P-SWCNT and (b) SDS-SWCNT (filtered from SDS and washed with 50 mL DI
H>0) control samples.

The purification process was scaled up so that SWCNT bulk papers could be fabricated
after reagent treatment via vacuum filtration, with each sample having an areal density of ~0.6
mg/cm?. The resulting SWCNT papers were rinsed with the appropriate solvent and dried in a
vacuum oven at 100°C for 1 h to remove residual solvent/moisture. The filtration time and total

processing time (filtration, rinse, etc.) for each reagent treated sample and the control samples
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are given in Table S1. Although concentrated HCI (37%) was excluded during the initial
qualitative screening, the HCI-SWCNT control sample was fabricated using dilute acid (6 M)
based on a previously established literature protocol.[20] A reduction in processing time was
observed for the HCI-SWCNT samples (~34%); however, the improvement is not as significant
compared to the reagent treatments due to the increased number of processing steps. The EtOH-,
DMA-, and CHP-treatments yielded total processing times between 0.5 — 1 h, which is >82%
improvement compared to the SDS-SWCNT control sample. In particular, the acetone and
acetonitrile treatments yielded the greatest reduction in processing time, which was decreased
from nearly 6 h (for the SDS-SWCNT control) to less than 0.1 h. Thus, compared to the SDS-
SWCNTSs, the proposed reagent treatments reduce both the filtration and total processing time by
up to 100x. It is important to note that filtration and processing times will vary based on the
sample volume, concentration, membrane pore size, etc. However, these measured lab-scale
times are intended to demonstrate that in addition to aiding in purification, the reagent treatments
also significantly reduce processing times, thus enabling more efficient, large-scale SWCNT
isolation from SDS dispersions.

The purity of the reagent treated samples was quantified relative to the P-SWCNT and
SDS-SWCNT control samples using a combination of microscopy and spectroscopy.
Representative SEM micrographs are shown in Figure 3 for the five reagent treated samples and
the HCI-SWCNT reference sample. In general, the SWCNT morphology is apparent with no
obvious surfactant coating for all reagent treated samples, and appears to be similar in all cases
to the P-SWCNT control SEM shown in Figure 2a. With the exception of the ACT-SWCNT
sample, the bundle size appears to increase (at least on the surface) compared to the P-SWCNT

sample. After reagent treatment and subsequent thermal oxidation, the SWCNT morphology and
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purity appear to be nominally equivalent (see Figure S4). Analysis of the SEM data before and
after reagent treatment show that the qualitative features are consistent with the P-SWCNT
control, and no additional SWCNT ends are observed, suggesting that the SWCNT length
distribution is unchanged. This analysis also demonstrates that the reagent treatment is effective

compared to traditional water washing (refer to Figure 2b); however, additional characterization

is required to determine the purity of the SWCNTSs and whether residual SDS remains.

Figure 3. Representative SEM micrographs of the as-produced (a) ACT-, (b) EtOH-, (c) DMA-, (d) CHP-, (e)
ACN-, and (f) HCI-treated SWCNT samples.

Thermogravimetric analysis (TGA) was performed to assess the decomposition
characteristics of the reagent treated SWCNT samples compared to the P-SWCNT control.

Approximately 0.5 mg of each SWCNT sample was used to ensure consistency between
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measurements. Figure S3b shows the thermogram for the P-SWCNTs compared to the H2O-
SWCNT control sample, and confirms that processing has no effect on the decomposition
temperature of the SWCNTs. Based on the first derivative weight loss curve (see Figure S3c),
the P-SWCNT decomposition temperature is 640°C. However, processing does seem to
introduce some impurities, as evident by the low temperature decomposition features between
250 — 450°C, and causes an increase in the residual mass. This is likely due to amorphization of
the SWCNTs during ultrasonication and particulate matter released from the sonic horn tip
during processing, respectively. Typically, ultracentrifugation would be used to remove these
impurities prior to further work with the dispersion [6-8, 31]; however, in the current study, the
ultracentrifugation step was eliminated so that the SWCNT concentration could be precisely
controlled. In addition, the decomposition of neat SDS and the SDS-SWCNT sample were
compared to the P-SWCNT control sample. Figure S5 shows the rapid decomposition of the
neat SDS at ~200°C and a residual mass of 23%. Likewise, the SDS-SWCNT sample shows a
decrease in the SWCNT decomposition temperature to 513°C compared to the P-SWCNT
control. The decrease in decomposition temperature in the SDS-SWCNT sample indicates the
presence of residual surfactant, as does the small decomposition peak ~200°C, which matches
that of neat SDS. As the SWCNT purity improves through removal of residual surfactant, it is
expected that the maximum decomposition temperature will increase toward that of the P-
SWCNT control.

The reagent treated samples were characterized using TGA, and the weight loss results
are shown in Figure 4a. In all cases (except CHP-SWCNT), the maximum decomposition
temperature is increased above that of the SDS-SWCNT sample toward that of the P-SWCNT

control. It is difficult to distinguish whether the low temperature decomposition is from residual
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SDS or amorphous carbon impurities from processing, and is most likely a combination of both.
The as-produced reagent treated samples were subsequently subjected to a thermal oxidation
treatment in air to 520°C using a ramp/stop of 10°C/min. Figure 4b shows that the
decomposition temperature of the SWCNT samples increases after thermal oxidation, and the
impurities, which were observed at decomposition temperatures below 450°C, are removed. An
increase in residual mass is observed for both the SDS-SWCNT and CHP-SWCNT samples,
which occurs due to the fact that the thermal oxidation temperature was greater than the SWCNT
decomposition temperature of either as-produced sample. Although thermal oxidation produces
an improvement (i.e., increase in SWCNT decomposition temperature) for all samples, the SDS-
SWCNT sample continues to exhibit the lowest decomposition temperature (530°C) compared to
the P-SWCNTSs, and the reagent treated samples show increasing decomposition temperatures in
order of ACT- (544°C) < EtOH- (552°C) < CHP- (567°C) < DMA- (582°C) < HCI- (584°C) <
ACN- (592°C) SWCNTs. Thus, based on TGA analysis alone, thermal oxidation aids in
SWCNT purification; however, the results are most improved when the samples are prepared
with the reagent treatments. From this analysis, the acetonitrile treatment appears to be the most
effective at removing residual SDS and produces a SWCNT sample most closely matched to the

P-SWCNT control.
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Figure 4. Thermogravimetric analysis (TGA) results of the weight loss as a function of temperature for (a) the as-
produced reagent treated SWCNT samples and (b) after subsequent thermal oxidation (T. Ox.) in air with a
10°C/min ramp/stop to 520°C.

Raman spectroscopy was used to probe the quality of the reagent treated SWCNT
samples. The full Raman spectra, which was acquired over a range from 100 — 3000 cm™ to
evaluate the characteristic SWCNT radial breathing mode (RBM), D, G, and G’ peaks, are shown

in Figure S5 for the P-SWCNT and SDS-SWCNT controls, as well as the reagent treated
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samples. All data is normalized to the G peak maximum of the respective sample so that relative
changes based on treatment condition may be easily discerned. SWCNT diameter can be
characterized by analyzing the RBM, which is inversely related to peak position [32].
Comparison of the RBM for the P-SWCNT and H.O-SWCNT controls (see Figure S3d), shows
that there is a decrease in the peak intensity at 181 cm™, suggesting some subtle degradation in
the small diameter SWCNTSs occurs due to the ultrasonication process. Analysis of the RBM in
Figure S6 shows that neither the reagent treatment nor thermal oxidation has any additional
effect on the SWCNT diameter distribution. Likewise, the Raman D peak intensity is not
affected after processing. Thus, it is concluded that the SWCNT integrity is preserved, and the
diameter and length distributions are unaffected by purification. Figure 5a shows a closer
examination of the relative Raman G peak for the as-produced SWCNT samples. Compared to
the P-SWCNT control, the SDS-SWCNT sample exhibits a significant suppression of the G peak
due to the presence of the residual surfactant. In general, recovery in the G peak lineshape is
observed after reagent treatment, though some suppression is still observed in comparison to the
P-SWCNT control. As shown in Figure 5b, the addition of thermal oxidation after reagent
treatment causes near complete recovery in the BWF lineshape for all samples. The observed
changes in the Raman G peak were quantified by analysis of the full width at half maximum
(FWHM), which is determined by fitting the low frequency feature with the Breit-Wigner-Fano
(BWF) lineshape and the high frequency feature with a single Lorentzian according to a
previously reported method [33]. As shown in Figure 6, the P-SWCNT control has a FWHM of
86.5 (see dashed reference line). Exposure to SDS causes a reduction in the FWHM of the SDS-

SWCNT sample to 67.3. In general, the reagent treatment improves the FWHM to an average of
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76.3 £ 1.7 (solid markers), and after subsequent thermal oxidation (open markers), all samples

exhibit nominally equivalent FWHM with an average value of 82.4 + 0.7.
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Figure 5. Analysis of the relative Raman G peak for the (a) as-produced and (b) thermally oxidized (T. Ox.) reagent
treated samples compared to the P-SWCNT control (black curve). All data was normalized to the G peak maximum
intensity for each sample.

Chemical doping of SWCNTs with surfactants has been reported previously, and can be
distinguished based on changes observed in the G peak position and BWF feature [29, 34].
Suppression of the BWF lineshape in the presence of residual surfactant indicates that the SDS in
the current study acts as a SWCNT dopant, which causes perturbations of the Fermi level due to

charge exchange [30, 35, 36]. Recovery in the BWF lineshape after surfactant removal
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demonstrates that the doping is reversible and indicates that Raman spectroscopy can be used to
assess purity in the reagent treated samples. Likewise, the Raman G’ peak position of the
SWCNTs is sensitive to the presence of residual SDS, which manifests as an upshift in frequency
compared to the P-SWCNT control (2632 cm™ compared to 2625 cm™, respectively, as shown in
Figure S7a). The same doping effects described in the suppression of the BWF feature also
contribute to the modulation in the G’ peak position, which has been previously demonstrated for
both chemical [30] and electrochemical [37] doping of SWCNT structures. After reagent
treatment, the G’ peak position is down-shifted toward that of the P-SWCNT control, with the
greatest improvement observed for the ACT-SWCNT sample (2623 cm™). Figure S7b shows
that the G’ peak position of the remaining reagent treated samples is further recovered after the
addition of a thermal oxidation treatment. Thus, it can be concluded from the Raman analysis,
that the reagent treatment yields purity comparable to the P-SWCNT control, and the acetone
and acetonitrile reagents continue to emerge as the most efficient treatments for disrupting the

SDS:SWCNT interaction.
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Figure 6. Analysis of the full width at half maximum (FWHM) for the Raman G peak after reagent treatment (solid
markers) and subsequent thermal oxidation (open markers) compared to the P-SWCNT control (dashed line).

The electrical conductivity of the as-produced and thermally oxidized samples were
evaluated and compared to the P-SWCNT control sample. As shown in Figure 7, the presence of
residual SDS increases the conductivity of the SDS-SWCNT sample by ~7.4x compared to the
P-SWCNT control, again demonstrating that SDS acts as a chemical dopant with the SWCNTSs.
Although the enhanced conductivity afforded by the SDS-SWCNT sample can be useful in some
applications, measuring the electrical conductivity of the SWCNTSs can also be used as a metric
to assess purification efficacy of the reagent treated samples. In general, there is a decrease in
the electrical conductivity of the as-produced reagent treated samples compared to the SDS-
SWCNTSs; however, the electrical conductivity is still greater than that of the P-SWCNT control.
This is consistent with the Raman data, where the G' peak position correlates with dopant

concentration (i.e., lower G’ frequency suggests less doping and therefore lower electrical
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conductivity). The ACT-SWCNT sample shows the greatest recovery, which has an electrical
conductivity of 4.23x10* S/m compared to 2.86x10* S/m for the P-SWCNT control. After
thermal oxidation, the electrical conductivity of all reagent treated samples decreases to within
+50% of the P-SWCNT control value. Although previous reports have shown increased
electrical conductivity with removal of surfactant via nitric acid treatment, those increases may
have resulted from nitric acid doping and no quantitative surfactant removal evidence was
provided [9, 10]. While the effect of residual surfactant on device performance has not been
fully characterized, it has been reported that it has little to no effect on the field-effect mobility of
single SWCNT field effect transistor devices [18]. However, this does not account for surfactant
effects in thin-films or bulk papers, where the SWCNT network will contain a mixture of
metallic and semiconducting electronic-types with varying residual SDS concentration. Thus,
the ability to controllably remove SDS from SWCNTs to recover the intrinsic electrical
properties will allow for reproducible device fabrication through post-processing purification in

situations where the use of surfactant is necessary.
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Figure 7. Electrical conductivity for the as-produced (closed markers) and thermally oxidized (T. Ox., open
markers) SDS-SWCNT and the reagent treated SWCNT samples compared to the P-SWCNT control (dashed line).

Based on the results of the SEM, TGA, Raman, and electrical conductivity analysis, the
acetone and acetonitrile treatments emerge as the most efficient for SDS removal from
SWCNTSs. Thus, these samples were analyzed with x-ray photoelectron spectroscopy (XPS) to
determine how much surfactant remains after treatment. The XPS measurements were acquired
with the flood gun on in order to minimize charging. A non-linear Shirley background
subtraction was used to fit the individual spectra, which are shown in Figure S8. The area under
the curve was used to determine the atomic concentrations of C, O, Na, and S in each sample.
As shown in Table 2, the P-SWCNT control showed no evidence of Na or S present, therefore,
any contribution of these elements in the SDS-SWCNT control sample or ACT- and ACN-
SWCNT reagent treated samples is due to the presence of residual surfactant. A 3x increase in
the atomic O concentration, and ~5 — 6x increase in Na and S concentration is observed for both

the as-produced and thermally oxidized SDS-SWCNT samples compared to the P-SWCNT
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control. This corroborates the TGA, Raman, and electrical analysis, which demonstrates that
residual SDS cannot be removed through thermal treatment alone. The acetone and acetonitrile
treatments improve the purity of the SWCNTs more than thermal oxidation; however, when the
reagent treatment is used in combination with thermal oxidation, nearly all of the residual SDS is
removed from the SWCNT samples. Following the acetone treatment, no residual S is detected
by XPS analysis, and only 0.3 at.% remains in the acetonitrile treated sample. Both the ACT-
and ACN- treated SWCNTSs have ~0.3 at.% Na remaining after thermal oxidation, which is more
difficult to remove due to the nature of the Na-C-O bonding. Likewise, the atomic O
concentration is reduced to (or below) that of the P-SWCNT control sample. Although the
presence of residual surfactant in the SDS-SWCNT samples caused a ~7x increase in the O/C
ratio compared to the P-SWCNT control (0.2 compared to 0.03, respectively), the reagent
treatment coupled with thermal oxidation restored this value to 0.03. The analysis presented
herein, demonstrates that acetone or acetonitrile reagent treatment in conjunction with thermal

oxidation results in SWCNTSs that have >95% carbonaceous purity.

Table 2. The atomic percentage of C, O, Na, and S was characterized using XPS analysis for the P-SWCNT and
SDS-SWCNT control samples, and the ACT- and ACN- treated SWCNT samples. This analysis was conducted on
both the as-produced (-AP) and thermally oxidized (-TOx) SWCNTSs.

SWCNT Sample C O Na S Other  O/C
P-AP 96.8 3.2 -- -- -- 0.03
SDS-AP 77.7 13.4 6.7 2.0 0.2 0.17
SDS-TOx 73.5 14.6 55 58 0.6 0.20
ACT-AP 88.8 6.8 1.1 0.5 2.8 0.07
ACT-TOx 96.6 3.2 0.2 -- -- 0.03
ACN-AP 95.5 3.1 0.2 0.8 0.4 0.03
ACN-TOx 97.5 1.9 0.3 0.3 -- 0.02
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The reagent treatment described herein provides a simple and efficient means to remove
SDS from aqueous dispersions of SWCNTSs, and enables a method for the intrinsic SWCNT
properties to be investigated after surfactant processing. Although treatment with either acetone
or acetonitrile is most effective at removing SDS from the SWCNTSs, these results demonstrate
that the reagent treatment coupled with thermal oxidation produces the greatest improvement in
purity after exposure to the surfactant. The data also shows that thermal oxidation alone is not
effective in SWCNT purification without the use of the reagent treatment. It should be noted
that the two reagents (acetone and acetonitrile), which provide the greatest improvement in
purity, also yielded the greatest improvement in processing time. Therefore, the method of
purification via reagent treatment coupled with thermal oxidation yields potential for large
volume SWCNT processing. In particular, this work has significant implication for those
pursuing SWCNT chirality separations, as a majority of SWCNT separation techniques utilize
surfactants and can benefit from this facile, scalable, and efficient method of post-processing

SWCNT purification.

4. Conclusions:

A reagent-based treatment method has been demonstrated for the removal of SDS from
bulk guantities of SWCNTSs in aqueous dispersion. After qualitative survey of various acids,
bases, organic solvents, and ionic solutions, it was determined that five organic solvents,
including acetone, ethanol, DMA, CHP, and acetonitrile, disrupted the SDS:SWCNT interaction
and allowed for the facile isolation of purified SWCNTSs through vacuum filtration. Quantitative
analysis via TGA, Raman spectroscopy, 4-pt. probe electrical measurement, and XPS has

demonstrated that the acetone and acetonitrile treatments produce the greatest improvement in
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SWCNT purity, which can be further improved with the addition of a thermal oxidation
treatment. It was also demonstrated that the acetone and acetonitrile reagent treatments resulted
in a 100x improvement (i.e., reduction) in processing time, which yields SWCNTSs that are free
from residual surfactant and have a carbonaceous purity >95%. In the current work, 1 mg of
SWCNT material in 120 mL was processed at a time, however, it is expected that the reagent
treatment can be scaled to gram quantities in several liters of volume (or larger). Thus, the
ability to quickly isolate large quantities of highly pure SWCNTSs from aqueous SDS dispersions
through the use of the reagent treatment method is expected to impact applications such as

spectroscopy, chirality separations, and device fabrication.
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