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Nanographite Impurities Dominate Electrochemistry of Carbon Nanotubes
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Carbon nanotubes (CNTs) and related materials are in
the forefront of research in a wide variety of fields. CNTs
have been employed in biosensors, fuel cells, and energy
storage devices, typically utilizing their electrochemical
properties."?! The application of the electrochemistry of
CNTs has been studied in detail and it has been demonstrat-
ed that CNT-based materials decrease overpotential for the
oxidation/reduction of many important compounds, increase
voltammetric current, exhibit an “electrocatalytic effect”,
and show negligible electrode surface fouling.-?

It is well known that CNTs are highly heterogeneous ma-
terials, containing significant amounts of amorphous carbon,
crystalline nanographite particles® and residual metallic
catalyst impurities.) Compton et al. first demonstrated that
residual metallic impurities within CNTs are responsible for
the reported electrocatalytic effect on the oxidation of hy-
drazine® and glucose!® and on the reduction of hydrogen
peroxide.”! We have shown that metallic impurities within
CNTs participate in the redox behavior of amino acids'® and
regulatory proteins,””) even at concentrations in the order of
hundreds of ppm (~0.01 wt%)' and we elucidated the
role of multicomponent metallic impurities."*'] However,
the influence of carbon-based impurities upon the electro-
chemical behavior of CNTs has not received similar atten-
tion.

It is generally perceived that the electrochemistry of
CNTs is comparable to that of graphite, with an analogous
voltammetric response.!'” Herein, we wish to challenge this
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view and prove that the observed heterogeneous electron-
transfer (HET) rate of CNT materials is comparable to that
of graphite only because CNT materials contain large quan-
tities of nanographite impurities. When pure CNTs are used,
the observed HET rate is actually significantly lower than
that of graphitic materials. In other words, most of the elec-
trochemical activity of CNTs is due to the presence of the
nanographite impurities contained within them.

It has been proven for sp’-hybridized carbon materials
(such as graphite) that HET is fastest at the edges of a gra-
phene sheet (observed HET rate constant, k°, , is in the

obs?
range of 0.01 cms™'), whereas it is very slow (k°, _is less than

obs
107" and likely approaching zero, although the exact value is
still discussed in the literature) at the basal plane."*'”! When
HET occurs at the basal plane, it is only because of defects
present at such planes.'*'* It has been found that this is
also true for CNTs, in which the open ends provide fast
HET, whereas HET at the CNT walls is negligible, even for
small-diameter single-walled CNTs (SWCNTs), in which the
curvature effect could possibly have played a role.'*!"]

When considering the structure of CNTs (Figure 1) and
comparing it with graphite/nanographite, one might wonder
why were CNTs deemed to exhibit fast HET at all, since the
ideal defect-free CNTs have electrochemically active sites
only at the ends of the nanotube, contrary to nanographite,
where the concentration of edge-plane sites (per gram of
material) in (nano)graphite is much higher.

Indirect evidence has been mounting that carbon-impuri-
ty-free CNTs actually do not exhibit fast HET rates at all.
Li’s group compared the electrochemical performance of
CNTs with that of graphene nanomaterials (note that such
graphene nanomaterials were prepared by techniques that
lead to multilayer graphene structures similar to nanogra-
phite) and found that the HET rate on such multilayer gra-
phene is faster than that of SWCNTSs.?" Similarly, we found
that stacked graphene platelet nanofibers exhibit faster
HET than MWCNTs.!

Herein, we demonstrate by means of the controlled intro-
duction of nanographite impurities into carbon-impurity-
free CNTs that the HET rate of such CNT samples is gov-
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Figure 1. Schematic drawing of multiwalled CNT (MWCNT; left) and
nanographite impurities (right). Note that the fast HET occurs on the
nanographite edges and CNT ends, whereas the nanographite basal
planes and the CNT sides exhibit a significantly lower rate of heterogene-
ous electron transfer.

erned by the amount of nanographite impurities. We used
two types of carbon-impurity-free CNTs (based on provider
information and our TEM characterization), referred to as
MWCNT-A and MWCNT-B (for detailed characterization
of these CNTs, please see the Experimental Section), to
prove that our conclusions are not specific to one particular
type of CNT. In addition, we controllably introduced nano-
graphite (NG) and graphite microparticles (GMP) into
them and recorded cyclic voltammograms of a ferricyanide
probe to establish the observed HET rate constant (k7).
Both MWCNT-A and MWCNT-B were open-ended
CNTs.*1

Figure2 shows selected cyclic voltammograms of
MWCNT-A containing 0 to 30 wt% of NG impurities and
of 100 % NG. The decrease in peak-to-peak separation signi-
fies an increase in the HET rate. It is clearly evident that
with an increasing amount of NG “impurities” introduced
into pure MWCNT-A K’ increases from 1.7x107° cms™
for pure MWCNT-A to 6.0x10™* cms™" for 10 wt% of NG
impurities in MWCNT-A and further to 1.7x107* cms™ for
30wt% of NG impurities in the MWCNT-A sample.
Figure 3 graphically illustrates the influence of the amount
of NG and GMP impurities in MWCNT-A on the peak-to-
peak separation of the oxidation/reduction peaks of
[Fe(CN)¢]** and calculated k?,, based on Nicholson’s
method.” It is interesting to note that the value of K’ for
25 wt% NG impurities in the MWCNT-A sample is actually
very close to the value found for 100 wt % of NG impurities.
This shows that at concentrations around 25 wt %, the NG
impurities actually dominate the electrochemistry of CNT
materials. Note that typical commercial MWCNT samples
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Figure 2. Cyclic voltammograms of CNTs (MWCNT-A) with different
ratios of NG impurities. Note that peak-to-peak separation of oxidation
and reduction of [Fe(CN)¢]**~ decreases significantly even at 5 wt% of
impurities present in the sample, signifying that NG impurities have a
profound influence upon the electrochemistry of CNTs even at low con-
centrations.
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Figure 3. Effect of the presence of NG and GMP impurities in the CNT
sample upon the electrochemical behavior towards oxidation/reduction
of 10 mm [Fe(CN)s]* ™" in 0.05m PBS buffer (pH 7.2). A) peak-to-peak
separation (black: pure MWCNT-A; dark gray: MWCNT-A with NG,
and light gray: MWCNT-A with GMP). Decreasing peak-to-peak separa-
tion indicate faster HET. B) Resulting k°, . for MWCNT-A containing dif-

obs

ferent amounts of NG (m) and GMP (e) impurities.

contain about 10-20 wt% of NG impurities, while typical
SWCNT samples contain 30-40% of NG impurities.”
Therefore, it is clear that in typical commercial samples of
CNTs, the electrochemistry of CNTs is likely to be governed
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by NG impurities, not by the CNTs themselves. To verify
this by using different “impurities”, we repeated the same
experiments with GMP-simulating impurities. We observed
behavior analogous to that of NG impurities. The k*,_ value
increases from 1.7x107° cms™' for pure MWCNT-A to 3.6 x
10~*cms™ for 10% of GMP impurities in MWCNT-A, con-
tinuing to increase to 9.3x107* cms™' for 20 wt% of GMP
impurities, and then levels off, exhibiting k°,, of 9.9x
10~ cms™ for 30 wt% of GMP impurities. The &’ value
for a 100% GMP-modified electrode resulted in only a
slightly higher value of 1.1x107° cms™. Again, GMP com-
pletely dominate the electrochemistry of MWCNT-A at a
concentration of 20 wt%. To prove that this is a general
case, not just related to the specific MWCNT sample under
investigation, we employed another carbon-impurity-free
MWCNT (MWCNT-B), which was obtained from a differ-
ent supplier. We observed very similar trends upon introduc-
tion of the NG and GMP impurities, as shown in Figure SI-1
(see the Supporting Information). Note that all presented
kC,. values are averages of six measurements recorded using
different electrodes.

In conclusion, we demonstrated that the electrochemistry
of MWCNTs could be dominated by the presence of NG/
GMP impurities, which have a much higher edge-plane/
weight ratio than CNTs. We also demonstrated that before
attributing the observed fast HET kinetics to the CNTs, the
CNT samples should be purified not only with regard to the
presence of metallic impurities, but equally importantly with
regard to the presence of NG/GMP impurities. The most im-
portant implication of our research is that since pure CNTs
do not provide fast HET kinetics, but instead such proper-
ties originate in the NG and GMP impurities within the
CNTs, it might be more beneficial in some cases to employ
NG materials, such as graphite nanofibers or nanoplatelets
for the construction of high-performance electrochemical
sensing and energy-storage devices, instead of CNTs.
Indeed, MWCNTs still have important properties as conduc-
tors or support materials, that is, they may serve as conduc-
tive nanowire scaffolds to provide heterogeneous supports
to catalysts (controlling the morphology and increasing the
surface area of the resulting nanostructured hybrid material)
and to funnel the sequential electron transfer to the elec-
trode, favoring energy dispersion and relieving catalytic fati-
gue and thus they will still find areas of application in elec-
trochemistry.

Experimental Section

Apparatus: All voltammetric experiments were performed by using an
electrochemical analyzer Autolab 302 (Ecochemie, Utrecht, The Nether-
lands) connected to a PC and controlled by General Purpose Electro-
chemical Systems v. 4.9 software (Ecochemie). The electrochemical ex-
periments were carried out in a 5 mL voltammetric cell at room tempera-
ture (25°C) using a three-electrode configuration. A platinum electrode
served as an auxiliary electrode and a Ag/AgCl electrode as a reference
electrode.
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Materials: Potassium chloride, potassium phosphate, disodium salt, potas-
sium ferrocyanide, potassium ferricyanide, and phosphoric acid were pur-
chased from Sigma-Aldrich (Japan). MWCNTs were purchased from
Sigma Aldrich (MWCNT-A) and Bucky, TX, USA (MWCNT-B). Both
MWCNT-A and -B were open-ended (representative TEM images can
be found in our previous publications, see references [24] and [16], re-
spectively). MWCNT-A had a diameter of 90-110 nm, a length of 5-
9 um, and contained <3 ppm Fe-based impurities; MWCNT-B had a di-
ameter of 8-15nm and a length of 5-10 um. Both MWCNT samples
were characterized extensively by using TEM and thermogravimetric
analysis (TGA; see Figure SI-2 in the Supporting Information).’! Both
methods proved that there are no carbonaceous impurities within the
samples MWCNT-A and B. GMP (particle size ~20 um) and NG nano-
fibers (fiber diameter ~80 nm) were obtained from Sigma—Aldrich.

Procedures: Carbon materials were used as received without further pu-
rification and nitric acid treatment. For the electrochemistry measure-
ments, the CNTs and graphite impurity solutions were prepared at the re-
quired ratios by dispersion in DMF at a total concentration of 1 mgmL™.
After sonication for 5 min, 5 uL of the suspension was pipetted on the
glassy carbon (GC) electrode surface (3 mm in diameter, surface area of
0.071 cm?, received from Autolab), which was previously polished with
0.05 pm alumina on a polishing cloth. The carbon material suspension de-
posited on the GC electrode was allowed to evaporate at room tempera-
ture, creating a MWCNT film over the whole GC electrode surface. The
NG and GMP impurities were physically introduced in the CNT samples
and such samples were consequently treated in the same way as pure
CNTs. Cyclic voltammetric experiments were performed at a scan rate of
100 mVs™ over a relevant potential range using 0.05M phosphate buffer
solution (pH 7.2). [Fe(CN)]>*™™~ was used as an electrochemical probe at
a concentration of 10 mm unless stated otherwise.

The k., values were determined by using the method developed by Nich-
olson® that relates AE, to dimensionless parameter 3 and consequently
to k. through Equation (1):

obs

nF
K = ¥\| TDAY o7 1)

in which k?,_ is the observed heterogeneous rate constant, D, is the diffu-
sion coefficient, v is the scan rate, F is the Faraday constant, R is the gas
constant, and T is the absolute temperature. The value of y and a de-
tailed discussion on the use of this equation can be obtained from the lit-
erature.’?! The roughness factor was not taken into account. Since all k%,
data are obtained by either interpolation (for AE, between 60 and
242 mV) or extrapolation (for AE,>242mV) of Nicholson’s working
curve,” an additional interpolation/extrapolation error of approximately
0-2% was introduced in addition to the experimental error of AE,. It
should be noted that there could be many redox systems that do not

follow the reactivity pattern of ferrocyanide.
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