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S
ingle-walled carbonnanotubes (SWCNTs)
typically form tightly bound, hexagon-
ally packed “ropes” or “bundles”, due to

strong, attractive,1 van der Waals (vdW)
interactions (∼0.5 eV nm�1); these arrays

do not form extended crystals due to en-

tanglements and intrinsic heterogeneity in

SWCNT length, diameter, and helicity dis-

tributions, but are nevertheless challenging
to disperse or dissolve. Disassociating these

bundles into individual SWCNTs is a critical

step for both scientific studies and many

applications, as well as for isolating pure

sorted samples. Dispersions of individua-
lized SWCNTs are generally produced using

ultrasonication in either aqueous surfactant2,3

or organic solvent4,5 systems followed by

ultracentrifugation. Initialultrasonicationcauses

SWCNT shortening and functionalization,6,7

while (often repetitive) ultracentrifugation

offers only very low yields. Neither step is

well-suited for large-scale processing.

Spontaneous dissolution of SWCNTs is
much rarer, but has been achieved chemi-
cally via the reduction of SWCNTs by sodium
napthalide in tetrahydrofuran8,9 or solvated
electrons generated by sodium in liquid
ammonia10 and alternatively via the pro-
tonation of SWCNTs in chlorosulfonic
acid.11 Recent investigations of charge stoi-
chiometry report the preferential dissolution
of larger diameter SWCNTs at low charge:
carbon ratios.10,12 This article reports a
new method for direct dissolution, purifica-
tion, and potential sorting of commercially
available as-received SWCNTs via a non-
aqueous electrochemical procedure; re-
markably, no prepurification processing
is required. More generally, the approach
highlights the possibility of electrochemical
dissolution of discrete, well-defined nano-
particle ions, an approach that could be
applied to a variety of electrochemically
stable systems in the future; this perspec-
tive does not appear to have been explored
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ABSTRACT The dissolution of single-walled carbon nanotubes

(SWCNTs) remains a fundamental challenge, reliant on aggressive

chemistry or ultrasonication and lengthy ultracentrifugation. In

contrast, simple nonaqueous electrochemical reduction leads to

spontaneous dissolution of individualized SWCNTs from raw, un-

processed powders. The intrinsic electrochemical stability and

conductivity of these nanomaterials allow their electrochemical

dissolution from a pure SWCNT cathode to form solutions of

individually separate and distinct (i.e., discrete) nanotube anions with varying charge density. The integrity of the SWCNT sp2 framework during the

charge/discharge process is demonstrated by optical spectroscopy data. Other than a reversible change in redox/solvation state, there is no obvious

chemical functionalization of the structure, suggesting an analogy to conventional atomic electrochemical dissolution. The heterogeneity of as-synthesized

SWCNT samples leads to the sequential dissolution of distinct fractions over time, with fine control over the electrochemical potential. Initial preferential

dissolution of defective nanotubes and carbonaceous debris provides a simple, nondestructive means to purify raw materials without recourse to the usual,

damaging, competitive oxidation reactions. Neutral SWCNTs can be recovered either by electroplating at an anode or by reaction with a suitable

electrophile.
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beyond the electrochemical synthesis of Zintl anion
clusters produced via cathodic dissolution.13

Although the electrochemistry of molecular fuller-
enes is well-studied,14 work on SWCNTs has relied on
predispersedmaterials15 or thin films16 and focused on
correlating electrode potentials to key spectroscopic
features, measured in situ. Typically, relatively modest
potentials have been applied in either aqueous16

(typically �1.0 to þ1.1 V (vs Ag/AgCl)) or occasionally
organic15 ((1.5 V (vs SCE)) electrolytes, resulting in
bleaching of characteristic vis�nIR or nIR photolumi-
nescence (PL) signals associated with electronic transi-
tions between van Hove singularities (vHS) or cor-
responding resonant Raman features. Despite different
apparent trends in Fermi energy in literature reports,15�19

in general, redox potentials depend on nanotube di-
ameter, with larger diameter SWCNTs reduced more
favorably. Paolucci summarized three key difficulties
with performing such spectroelectrochemical experi-
ments: (1) high electrolyte concentration promotes
flocculation of predispersed SWCNTs; (2) use of surfac-
tants fouls the working electrodes, interfering with
electrochemical data; (3) aqueous systems have a
limited electrochemical stability window.15 In view of
such issues, this study uses dry, air-free, organic solvent-
based electrolytic solutions to maximize the electro-
chemical stability window and avoid competing reac-
tions or SWCNT functionalizations. Since the goal is
dissolution, not accurate determination of redox po-
tentials, a low supporting electrolyte concentration
was selected to prevent SWCNT flocculation; the use

of a dry powder as a startingmaterial avoids surfactant.
This redesign and repurposing of the electrochemical
system enables a new phenomenon to emerge, the
spontaneous electrochemical dissolution and plating
of discrete nanoparticle ions; the effect raises interest-
ing fundamental questions and is likely to be techno-
logically useful.

RESULTS AND DISCUSSION

Electrochemical Dissolution of SWCNTs. As-received
SWCNT powders were utilized without oxidative pre-
purifications, to avoid damaging the electronic proper-
ties. SWCNTpowderswere loaded into an electrochemical
cell with three-electrode geometry (Figure 1a) and placed
in contactwith an energized platinumplate to form the
working electrode; a protected platinum wire counter
electrode, a Ag/Agþ reference electrode, and a suitable
electrolyte were introduced as discussed below and in
the Experimental Section.

Dissolution of the SWCNTs was not observed when
the powder was left to sit in the electrolyte for several
days; sonication produced only unstable dispersions.
However, with the application of a constant potential
of at least �1.6 V (vs Ag/Agþ, all potentials reported

relative to this reference electrode), black-colored trails
were observed to leave the SWCNT electrode after a
short period of time, without stirring, heating, or
sonication. During this process, SWCNTs are charged
and reduced to “nanotubide” species that sponta-
neously debundle and dissolve into the electrolyte
due to electrostatic repulsion (where “nanotubide” is

Figure 1. Electrochemical dissolution process. (a) Schematic illustration of the electrochemical process showing (i) Ag/Agþ

reference electrode, (ii) Pt plate working electrode, (iii) Pt wire counter electrode, (iv) SWCNT powder. (b�e) Electrochemical
dissolution of∼20 mg of raw HiPco SWCNT powder in 1 mM TBAP/DMF at�2.3 V over 5 days. The white arrows indicate the
significant degree of swelling of the SWCNT powder bed. For smaller loadings (<10 mg), the dissolution process can be
performed within 24 h, without agitation, to generate >1 mg mL�1 solutions (see movie in SI). (f) Under inert conditions the
electrochemical dispersions were stable for several months. (g, h) Upon exposure to air, the dispersions in alkali-metal-based
electrolytes were stable for only e5 s due to rapid charge-quenching/functionalization and subsequent reagglomeration.
(i�l) TEMmicrographs of electrochemically dispersedHiPco SWCNTs; the presence of individual SWCNTs and narrowbundles
is apparent.
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the proposed term for a pure nanotube anion10).
Between�1.6 and�2.0 V, overall dissolution ismodest
(∼5�20 wt %); on increasing potentials up to �2.3 V,
100 wt % dissolution was achieved for both HiPco and
CoMoCAT SWCNTs. Overall, this complete electroche-
mical dissolution required ∼1 e�/40�48 C atoms for
HiPco SWCNTs and ∼1 e�/20 C atoms for CoMoCAT
SWCNTs. The figures assume that the integrated cur-
rent indicates the SWCNTs charge (Figure S1); from
fractionation experiments (below) and limiting currents,
it is possible to estimate that no more than 10% of the
total charge is consumed in other processes (electrolyte
degradation or residual moisture). The charge ratios are
in reasonable agreement with Penicaud9 and Fogden,10

who reported that purely chemical reductive dissolution
of SWCNTs required 1 e�/10�50 C atoms and 1 e�/10 C
atoms, respectively. The electrochemical reduction po-
tentials required for SWCNT dissolution are significantly
larger than applied to study spectroelectrochemical
phenomena15,16 due to the need for a high charge
density, before dissolution. Using raw HiPco SWCNTs,
concentrations exceeded 1.5 mg mL�1 in DMF, as
determined by mass measurements.

The potentials required for dissolution did not vary
with the specific electrolytic (salt or solvent) system
used. N,N-Dimethylformamide (DMF) was the pre-
ferred solvent, on the basis of electrochemical stability
and suitability for both neutral20 and charged SWCNTs;9

however, a range of electrochemically stable solvents,
including propylene carbonate (PC), gave similar re-
sults (see SI, Figure S2 for a full list) provided that they
were sufficiently dry (<10 ppm moisture content).
Sodium tetraphenylborate (STPB), sodium perchlorate
(NaClO4), and tetrabutylammonium perchlorate (TBAP)
were used predominantly, although other electrolytic
salts (listed in the Experimental Section) were also
tested. Nanotubide dissolution was not observed
when electrolyte concentrations were >0.1 M, high-
lighting the formation of charge-stabilized colloidal
systems that become destabilized at high counterion
concentrations due to the contraction of the Debye
screening length.21 The typical electrolyte concentra-
tion used, 1 mM, corresponds to a Debye length of
∼6.7 nm in DMF22 (ε = 36.7, 298 K). Upon exposure to
atmospheric oxygen, charge quenching is expected to
form tetrabutylammonium or alkali-metal (hydr)oxides
upon the reduction of oxygen to superoxide by the
highly reactive nanotubide species,23 leading to reag-
gregation of the individualized neutral SWCNTs. How-
ever, other species such as H2O/CO2 may functionalize
nanotubide surfaces. Electrochemical dispersions kept
inside a glovebox were stable for more than 6 months
(Figure 1f) with no visible aggregates; upon exposure
to air, precipitation was observed within seconds for
alkali-metal-based electrolytes (Figure 1g, h); in tetra-
butylammonium (TBAþ) electrolytes, precipitation oc-
curred over a few days, likely due to additional steric

stabilization of the surfactant-like n-butyl chains. Direct
sonication of SWCNTs in TBAP/DMF does not result in a
stable dispersion.

Transmission electron microscopy (TEM) (Figure 1i-l)
revealed that the fully dissolved material consisted
predominantly of individualized SWCNTs, with some
small bundles; high-speed ultracentrifugation (120000g,
6�24 h) of the nanotubide dispersions in DMF showed
minimal sedimentation (see SI, Figure S3). Following
charge quenching by exposure to clean, dry oxygen,
UV�vis�nIR absorption and PL spectroscopy of both
thin film and aqueous dispersions of electrochemically
processed HiPco SWCNTs showed characteristic vHS
features. These optical spectroscopic techniques are
particularly sensitive to defects and surface modifica-
tions due to the relatively long exciton diffusion length
in SWCNTs;24 the similarity of the spectra to those ob-
tained from the unprocessed starting material (see SI,
Figure S4) confirmed the absence of further defects or
functionalization of the SWCNTs during electrochemi-
cal processing.

SWCNT Purification. The quality of the dispersed ma-
terial was studied by observing changes in the intensities
of the G [1500�1600 cm�1] and D [1200�1400 cm�1]
peaks in the Raman spectra (Figure 2a, b), which are
characteristic of structural order and disorder, res-
pectively.25 The defect concentration in the fractions
dissolved at less reducing potentials was significantly
greater than that in the rawmaterial (as indicated by an
increased peak intensity ratio, ID/IG). The defect con-
centration in the undissolvedmaterial was correspond-
ingly lower, suggesting a separation on the basis of
purity; the effect is strong, in some cases, offering a
factor of 2 improvement in ID/IG ratio. The result rules
out ongoing functionalization as a primary dissolution
mechanism; rather, impurities suchasamorphouscarbons,
graphitic (metal-containing) nanoparticles, and short/
defective SWCNTs are reduced preferentially. The
mechanism is not primarily dependent on diffusion
rates, as electrochemical dissolution at mild potentials
does not lead to the progressive dissolution of purer
SWCNTs over time; these species require significantly
increased charge densities, available at greater reduc-
ing potentials. The purification trends were confirmed
with TEM (Figure 2d) and TGA (see SI, Figure S5). In
sequential dissolutions, at increasingly more reducing
potentials, fractions contained significantly lower amounts
of amorphous, graphitic, and metal catalyst debris;
after electrochemical treatment, both HiPco and
CoMoCAT powders showed an increased peak combus-
tion temperature and lower residual metal content in
the undissolved fraction. This removal of amorphous
carbons and other impurities provides a new purifica-
tion route for raw SWCNT powders, an alternative to
more conventional, but destructive, oxidation and/or
sonication treatments.26 A useful strategy is to run the
process at�2.0 V to dissolve the majority of impurities
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(∼20 wt %), followed by a dissolution of the purer
material at �2.3 V. During the sequential dissolution
experiments, Raman radial breathingmodes (Figure 2a, b)
showed no significant selectivity for SWCNT diameter
or electronic type. This outcomemay not be surprising:
the bundled nature of the starting material will tend
to trap a mixture of SWCNTs until all species are
sufficiently charged to be mobile.

Electrochemical Dissolution Mechanisms. The nanotubide
dissolution process is driven by the intercalation of the
background electrolyte and solvent into the SWCNT
powder electrode to balance the electronic charge
introduced at reducing potentials. During these pro-
cesses, which correlate with capacitive charging of the
SWCNT network (Figure 3), the powder swells signifi-
cantly (Figure 1b�e); as electrostatic interactions over-
come the attractive intertube vdW forces, the SWCNT
network exfoliates and debundles. Diffusion of the
charged species away from the electrode generates a
charged polyelectrolyte nanotubide solution. Electro-
chemical double-layer charging is frequently exploited
in SWCNT capacitors27 and electromechanical actuators,28

with actuation caused by expansion due to charging,
but without obtaining dissolution; large capacitive

charging signals were observed for all SWCNTs in
different electrolytes during cyclic voltammetry (CV)
experiments. Increasing capacitance at more reducing
potentials has previously been attributed to sequential
electron doping of the semiconducting SWCNTs.29�31

Very recently,32 specific vHS features ((17,3) HOMO/
LUMO energies) were assigned to CV features, using
Meijo SWCNTs; metallic SWCNTs on the other hand
showed purely capacitive behavior. The CV experi-
ments presented here for HiPco SWCNTs (Figure 3a)
also reveal the appearance of broad features below
∼�0.5 V rather than a single redox wave, which can be
attributed to the (un)doping of the large number of
distinct (n,m) species that are present. At such slow scan
rates (<0.5mV s�1), reductive debundling anddissolution
is followed by reaggregation (rebundling) on the reverse
cycle. At fixed reducing potentials, the charge density
is high enough and the electrolyte concentration low
enough that an electrostatically stabilized colloid forms.
The spontaneous nature of the dissolution confirms that
the process is thermodynamically favored, with a lower
enthalpyofdissolution than for aneutral SWCNTsystem.23

The initiation time (defined as the first observation
of black trails diffusing away from the SWCNT powder

Figure 2. Sequential dissolutions of raw HiPco SWCNT powder in 1 mM STPB/DMF. Following each step the majority of the
nanotubide dispersionwas removed and fresh electrolyte (containing∼5�10 ppmwater) added. (a, b) Raman analysis of the
raw, undissolved, and electrochemically dispersed HiPco fractions at sequential reduction potentials using Elaser = 1.96 and
2.33 eV, respectively. Each spectrum is an average of 5 scans at different positions. Intensities are normalized to the G peak.
(c) TEM images of selected nanotubide fractions showing the preferential dissolution of metallic and carbonaceous debris
(�1.6 to �2.0 V) followed by the progressive dissolution of purer individualized SWCNT material (>�2.0 V).
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electrode) varied between SWCNT batch and manu-
facturer, but was linked to charging of the entire
powder. The charge passed before first observed dis-
solution (Figure 3b) was consistently ∼0.03 C mg�1

SWCNT (1 e�/270 C atoms), independent of starting
mass, for raw HiPco powder; this charging threshold
varies between SWCNT batch or material (e.g., CoMoCAT
∼0.08 C mg�1, 1 e�/100 C atoms). For the HiPco
powder used, accumulation of charge equates to a
gravimetric capacitance of 13 F g�1. The value is similar
to the capacitance of highly pure HiPco SWCNT elec-
trodes in 1 M LiClO4/PC electrolyte (45 F g�1),33 but
lower due to low electrolyte concentration and a
significantly higher fraction of amorphous carbon in
the raw powder. In addition, the larger size of TBAþ

ions compared to Liþ inherently produces a lower
gravimetric capacitance, due to steric effects at the
interface.34 After the initiation period, the concentra-
tion of dissolved SWCNTs increases with time, even-
tually reaching a plateau that defines a process yield;
larger SWCNT loadings generated a higher absolute
mass dissolved. However, the yield appeared limited
by slower kinetics, inherently linked to the depth of the
electrode powder bed; the lack of any agitation limits
nanotubide motion to primarily diffusive effects. The
maximum dissolved yield from a given SWCNT sample
will depend on physical parameters such as nanotube
length, entanglement, and density, as well as elec-
tronic effects including band structure and connectiv-
ity; since amorphous carbon and particulates dissolve
preferentially, they can increase the apparent yield.
The electrochemical cell geometry also plays a key role.
The present cell was designed for proof of concept
studies; future redesigns can be adapted for bulk
processing, maximizing yields and concentrations with
the use of thinner electrodes and short diffusion dis-
tances.

During fixed potential dissolution experiments,
widely used materials, HiPco and CoMoCAT SWCNTs
(typically ∼0.1�1 μm long, as observed by AFM),
displayed similar electrochemical dissolution behavior,

providing nanotubide concentrations of >1 mg mL�1;
significantly longer Hanwha,35 Meijo (∼1�5 μm), and
Supergrowth36 (100�300μm, as observed by scanning
electronmicroscopy (SEM)) materials showeddissolution
of significantly smaller concentrations (<0.1 mg mL�1)
at equivalent time points. Given that the persistence
length of SWCNTs is on the order ofmicrometers,37 and
possibly higher when charged, the motion of long
SWCNTs should be highly restricted; very long charged
SWCNTs may remain trapped within the working elec-
trode or dissolve at very low concentrations due to a
percolation limit.38 Assuming that electrical percolation
within the dispersed nanotubes is avoided due to elec-
trostatic repulsion, the ultimate concentration limit
shouldbedefinedby the typeof complexphasediagram,
identified for protonated SWCNTs in superacid.39,40 If so,
higher fractional electrochemical charge (∼1 e�/12 C
atoms), if attained without disconnection, should offer
the opportunity to form nematic phases.

Nanotubide Functionalization and Electrochemical Deposi-
tion. There are a number of convenient onward pro-
cessing options for the SWCNT anions produced
electrochemically. They can either be quenched in
pure, dry oxygen, to regenerate neutral, unfunctiona-
lized SWCNTs with their original (opto)electronic prop-
erties (SI, Figure S4), or deliberately derivatized using a
whole library of useful and versatile reactions devel-
oped for chemically generated nanotubides.41 Figure 4
shows a simple dodecyl grafting of reduced CoMoCAT
SWCNTs (1 e�/20 C atoms) using 1-iodododecane,
giving a degree of functionalization of ∼1 dodecyl
chain/58 C atoms. The grafting efficiency (charge
utilization) is relatively high compared to chemical
reduction routes that typically employ excess alkali
metal:carbon stoichiometry (for example ∼1 dodecyl
chain/13 C atoms for 5 Naþ/C atom).42 By ensuring that
the SWCNTs are individually dissolved before reaction,
the degree of functionalization and permanent de-
bundling can be maximized. The negative charge can
also be removed electrochemically via the electrode-
position of SWCNTs onto various conductive electrode

Figure 3. Electrochemical dissolution mechanisms. (a) Cyclic voltammogram of a HiPco SWCNT powder electrode in 0.1 M
STPB/DMF, scan rate 0.5 mV s�1, 5 cycles (black), and the respective control CV of a Pt wire and plate working electrode with
no SWCNTs present (gray). Arrows indicate the direction of scan. (b) Initiation time (squares) and the charge required (circles)
for the electrochemical dissolution of raw HiPco SWCNTs with increasing amounts of starting material (�2.3 V, 1 mM TBAP/
DMF electrolyte).
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materials (e.g., pure metals, metallic/conductive thin
films). Transparent-conductive electrodes (e.g., ITO-glass,
Figure 4c and Figure S6c�e) are particularly useful due
to the ease of subsequent characterization (Raman, thin
film UV�vis�nIR, and PL spectroscopies, SEM, AFM)
directly on the electrode surface.

As for the dissolution process, electrodepositions
were performed at constant potential; the platinum
plate electrode was typically swapped for an ITO-glass
electrode, and sequential depositions were performed
at increasingly oxidizing potentials from�2.0 to�1.0 V
(þ0.1 V increments, 48 h at each step). At more
oxidizing potentials than�1.0 V, the remaining SWCNTs
reaggregated. The geometry of the current electro-
chemical cell and the slow diffusion of long SWCNTs
limited the deposits obtained to low thickness (∼97%
transmittance); thicker films with more uniform mor-
phologies of individualized SWCNTs could be im-
proved with cell redesign, finer potential control, and
the addition of brighteners to enhance deposition qual-
ity. However, the type of brighteners widely used for
traditional electrodepositionwill need to be redesigned
for the electrodeposition of nanotube anions.

Once all the SWCNTs are solubilized as individual
ions, selective electrodeposition at well-defined elec-
trode potentials holds more promise for a scalable
route to separation of distinct SWCNTs than the dis-
solution step. Existingmethods for the separation43�50

of SWCNTs based on electronic character or helicity
rely on sonication and/or centrifugation, severely limit-
ing fundamental scalability; batch scale chemical char-
ging involves the consumption of expensive and diff-
icult reagents. In the current preliminary experiments,
weak diameter selectivity was observed by Raman
during ongoing electrodeposition, encouraging fur-
ther development efforts to limit the entanglement
of unwanted SWCNTs in successfully electrodeposited
networks. In principle, selective electrochemical pro-
cessing of individualized nanotubide ions may offer a
scalable route for separation by diameter, helicity, or
electronic character, vital formany applications such as
transparent conductive films and nanoelectronic com-
ponents.While there are some quantitative inconsisten-
cies in the literature data for the first redox potentials of
SWCNTs,51 the dependence on key SWCNT character-
istics is encouraging. On the other hand, the multiple

Figure 4. Nanotubide functionalization. (a) TGA of as-received and dodecyl-grafted SWCNTs in an inert atmosphere. (b)
Raman spectra of dodecyl-grafted and the ungrafted SWCNTs following TGA under N2 using Elaser = 2.33 eV. (c) Photograph
(left) and AFMheightmicrographs (right) and height profiles (below) of an electrochemically deposited film of HiPco SWCNTs
on an ITO-glass electrode at �1.4 V, 24 h, showing relatively large area, highly uniform SWCNT network deposition. White
dashed lines relate to the measured height profiles of the SWCNT film.
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charging events required for dissolution require fur-
ther theoretical consideration; the differences between
different SWCNT types may become blurred at higher
charge densities, and dielectric effects, for example,
may be important.

CONCLUSIONS

This study describes a new approach for the forma-
tion and dissolution of discrete nanotube anions that
will generalize to other electrochemically stable nano-
particles. While the SWNT anions are still polydis-
persed, each individual species retains its integrity
and identity. Common, commercial, as-received SWCNT
powders were fully dissolved using a mild electrochemi-
cal reduction in nonaqueous electrolytic solutions with-
out the use of ultrasonication, ultracentrifugation,
covalent modification, or strongly bound wrapping
agents. The electrochemical aproach offers much
greater control over reduction potential than chemical
charging routes that use specific reductants or charge
transfer agents; the charging current allows indepen-
dent control of charge:carbon stoichiometry more
directly and conveniently than, for example, adjusting
the alkali metal:carbon ratio.12,52 Careful control of
the electrochemical potential removes carbonaceous
impurities, providing a nondestructive strategy for
SWCNT purification. Three different approaches can
be used to quench the charge on nanotubide ions:
exposure to clean, dry oxygen, deliberate derivatiza-
tion, or electrochemical quenching via depositions.
Electrodeposition provides a high level of control and
a variety of new processing options.
The dissolution and purification technique has been

demonstrated at the tens of milligram scale, but offers
considerable promise for scaling to larger quantities,
while avoiding inconvenient reagents such as super-
acids, liquid ammonia, or alkali metals. Although the cur-
rent system is only a proof-of-concept, electrochemical

processes are widely used industrially for bulk purifi-
cation and extraction, including in controlled atmo-
spheres; aluminum electrowinning is, for example,
performed in an air-free, nonaqueous electrolytic
system.53 Ultimately, once larger scale cells are opti-
mized, SWNT processingmay be scaled out to a battery
of multiple cells, in a manner analogous to other
commercial processes. By combining dissolution with
electroplating, a semicontinuous bulk purification pro-
cess can be envisioned for nanotubes, in a similar
fashion to the industrial purification of copper.54 This
approach may provide a route toward large-scale
sorting of specific SWCNT species (each representing
a distinct molecular structure), which almost always
coexist as-synthesized, despite recent advances.55 In
the future, nanotubide solutions monodispered in struc-
ture and charge density may, therefore, be prepared.
Fundamentally, the generalization of this approach

to the dissolution of purified nanoparticle ions will
allow specific charge density to be investigated with
charged nanoparticles dispersed as discrete objects. To
apply this electrochemical approach, particles must be
electrochemically stable and reasonably electrically
conductive. Possible examples include multiwalled
carbon nanotubes (MWCNTs), graphenes, and other
conductive nanopowders (such as noble metals); pre-
liminary experiments show promising results for
MWCNTs (see SI, Figure S7). Understanding the elec-
trochemistry of nanoparticle ions will require new
methods and theory, since multiple redox events are
involved at a range of potentials related to the complex
density of states defined by the particle composition,
size, and dimensionality. These studies will be enabled
by the availability of moremonodispersed samples, via
the electrochemical process itself or otherwise. The
development of electrochemical routes for purification
and assembly of nanomaterials will, thus, enable both
fundamental studies and new applications.

EXPERIMENTAL SECTION
Materials. HiPco SWCNTs (batches R0550, R0448; Carbon

Nanotechnologies Inc., USA), CoMoCAT SWCNTs (batches
SG0000002, SG0000033; SWeNT, USA), CarboLex (AP-grade;
CarboLex Inc., USA), Hanwha SWCNTs (batch ASA-100F:
A-091230-2; Hanwha Nanotech Corp., South Korea), and Super-
growth SWCNTs (batch STD2; AIST, Japan) were used as-
received without any pretreatments. DMF (anhydrous, 99.8%),
DMA (anhydrous, 99.8%), 1-methyl-2-pyrrolidinone (anhydrous,
99.5%), 1,3-dimethyl-2-imidazolidinone (puriss., absolute, over
molecular sieve (H2Oe 0.04%), g 99.5%), propylene carbonate
(anhydrous, 99.7%), dimethyl sulfoxide (anhydrous, g 99.9%),
acetonitrile (anhydrous, 99.8%), and 1,2-dimethoxyethane
(anhydrous, 99.5%) were all purchased from Sigma-Aldrich
and used as-received. 1-Cyclohexyl-2-pyrrolidone (99%) was
also purchased from Sigma-Aldrich, but further dried by vac-
uum distillation over molecular sieves. Tetrahydrofuran was
dried in-house in a solvent-drying tower packed with alumina.
The anhydrous electrolytic salts used throughout the research
(tetrabutylammonium perchlorate, sodium tetraphenylborate,

sodium perchlorate, tetrabutylammonium tetraphenylborate,
lithium perchlorate) were all purchased from Sigma-Aldrich and
used as-received. Electrolytic solutions were further dried by 3 Å
molecular sieves and kept in a glovebox.

Electrochemical Cell Setup. Electrochemical cells were custom
designed and produced by an in-house glassblower. A small-
volume cell (7 mL) comprised a 10 mm path length Pyrex
cuvette with four screw-neck threads for electrode insertion
and connection to a Schlenk line. A larger volume cell (30 mL)
was also made by combining a Pyrex cuvette and a three-
necked round-bottom flask. The pyrex cuvettes were purchased
from Starna Scientific Ltd., UK. The electrochemical cell was
either attached to a Schlenk apparatus or manipulated in an
mBraun Labmaster SP glovebox. For experiments using the
Schlenk apparatus, the SWCNT powder and electrolytic salt
were dried under vacuum at 190 �C followed by three freeze�
thaw cycles with zero-grade nitrogen (BOC gases, UK, 99.998%
purity). Anhydrous DMF was added using a dry, air-free syringe.
During Schlenk experiments, a positive pressure of nitrogen gas
was maintained in the cell to minimize the entry of oxygen and
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moisture. For experiments using the glovebox, SWCNTs were
dried using the above procedure and placed into the glovebox,
and the electrochemical cell was kept sealed throughout the
experiments in case of glovebox contamination. Levels of
moisture and oxygen were <1 ppm throughout the duration
of all electrochemical experiments.

If required, SWCNT powders were ground before the drying
procedure using a pestle and mortar for 5�10 min to improve
electrode connectivity and placed at the bottom of the electro-
chemical cell, on top of a 10mm2 piece of platinum foil attached
to a platinum wire. After the reaction, the dissolved SWCNT
supernatant was removed from the electrochemical cell by
air-free syringe or cannula techniques. The reference electrode,
Ag/Agþ (IJ Cambria Scientific, UK), contained 0.01 M silver
nitrate and 0.1 M TBAP in acetonitrile. A porous glass frit
protected platinum wire counter electrode was used through-
out to ensure no byproducts entered the working electrode
compartment. The counter electrode compartment contained
∼1�2 M electrolytic salt/DMF.

SWCNT Functionalization. 1-Iodododecane (0.3 mL, 1.22 mmol)
was added to 1 mL of CoMoCAT SWCNTs (0.9 mg mL�1) that
were electrochemically dissolved to ∼1 charge/20 C atoms in
1 mM NaClO4/DMF and stirred for 24 h. The resulting gel-like
product was filtered onto a PTFE membrane (0.025 μm) under
vacuum, washed with chloroform (50 mL) and water (50 mL),
dried, and removed from the filter membrane. The product was
further soaked in water (72 h) and chloroform (72 h) with
additional stirring, filtered onto a PTFE membrane, and recovered.

Characterization. A Solartron 1250 potentiostat (Solartron
Analytical, UK) was used for electrochemical measurements
using CorrWare 2 software.

Raman spectra of powder/drop-casted samples were ob-
tainedwith a LabRAM Infinity instrument (Horiba Jobin-YvonLtd.)
with a 633 nm He�Ne laser (1.96 eV) and 532 nm Nd:YAG laser
(2.33 eV). All Raman spectra were recorded using a grating of
1800 grooves mm�1. The maximum powers of the 633 and
532 nm lasers at the sample were 8 and 24 mW, respectively.
The laser power was varied to ensure no damage to samples;
typically, 100% intensity was used for the 633 nm laser and 25%
intensity for the 532 nm laser. Samples were measured either in
raw powder form, as drop-casted dispersions on glass micro-
scope slides, or as electrodeposited films on various electrode
surfaces. At least five consistent spectra weremeasured for each
sample at different locations to reduce the effect of sample
heterogeneity.

Transmission electron microscopy was carried out using a
JEOL2010 TEM at 200 kV operating voltage. Samples were
typically prepared on 300 copper mesh holey carbon grids
(Agar Scientific) by drop-casting onto the grid supported by a
filter paper and left to dry in a nitrogen-filled glovebox for
several days. Samples were removed from the glovebox,
washed on filter paper with 2�3 drops of DMF, acetonitrile,
or water to remove electrolytic salts, and then further washed
with IPA.

Scanning electron microscopy was performed using a Leo
Gemini 1525 high resolution field emission gun scanning
electron microscope (FEGSEM) using SmartSEM software. ITO-
glass electrodes were affixed onto aluminium sample stubs
using carbon tabs (Agar Scientific Ltd., U.K.). MWCNT disper-
sions were drop-casted directly onto clean silica substrates and
washed to remove electrolytic salts.

Atomic force microscopy (AFM) was carried out using a
Nanoscope IV Digital Instruments AFM (Veeco) on ITO-glass
substrates with SWCNT electrodeposit. Samples were washed
with DMF and water, and dried in air.

UV�vis�nIR spectroscopy was carried out using a Lambda
950 spectrophotometer (Perkin-Elmer). Photoluminescence
spectroscopy was performed using a Nanospectralyzer NS1
(Applied NanoFluorescence). Samples were prepared either in
1 wt % sodium deoxycholate/D2O by ultrasonication and ultra-
centrifugation or as thin films on glass substrates by dispersion
drop-casting. Concentrations of electrochemically dissolved
SWCNTs were measured predominantly by mass measure-
ments, following extensive washing to remove electrolytic
salts. Optical absorbance measurements using a typical SWCNT

extinction coefficient56 (3264 mL mg�1 m�1 @ 660 nm) were
found to be consistent withmassmeasurements andwere used
at low concentrations. For optical measurements of SWCNT
concentrations as high as 1.5 mg mL�1, dilution is required.
However, the introduction of fresh DMF (containing ∼5�10 ppm
water) leads to somedegreeof chargequenching/functionalization,
and hence measurement inaccuracy; therefore, mass measure-
ments were preferred at higher concentrations.

Ultracentrifugation was carried out using a Beckmann
Coulter Optima L-90K with swinging bucket rotor (SW-41Ti)
using polyallomer centrifugation tubes.

Thermogravimetric analysis (TGA) was carried out using
a Perkin-Elmer Pyris 1 TGA. TGA cycles performed in an N2

atmosphere (flow rate: 60 mLmin�1) were heated from 50 �C to
100 �C at 10 �C min�1, then held isothermally for 30 min to
remove residual water/DMF. The temperature cycle was then
ramped from 100 �C to 850 �C at 10 �C min�1.

Water contents of electrolytes were measured using Karl
Fischer titrationconductedwith aMettler ToledoDL32 coulometer
using HYDRANAL-Coulomat AD reagent (Sigma-Aldrich).
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