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3 ) redox pair was used as a model system to evaluate the
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potential catalytic activity of various carbon nanotubes. Aqueous solutions of hydroiodic
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acid were irradiated with ultraviolet light in the presence of single wall, multi-wall,

Available online 10 June 2013

boron-doped and nitrogen-doped multi-wall carbon nanotubes. The nitrogen-doped
multi-wall carbon nanotubes showed significant catalytic activity in the generation of
hydrogen triiodide, while the other carbon nanotubes studied inhibited the generation
of hydrogen triiodide. The photoconversion of hydroiodic acid to hydrogen triiodide, catalyzed by the nitrogen-doped multi-wall carbon nanotubes, was further accelerated by
the presence of dissolved oxygen, offering an additional decomposition pathway for
hydroiodic acid.
! 2013 Elsevier Ltd. All rights reserved.

1.

Introduction

Carbon nanotubes are a well-known allotrope of carbon consisting of cylindrical tubes of graphene (sp2 bonded carbon
sheets). These tubes can be either single-wall (SWCNT) or
multi-wall (MWCNT), and can be doped with various elements such as nitrogen [1], boron [2], and phosphorus [3].
Nitrogen-doped multi-wall carbon nanotubes (CNx-MWCNTs)
are p-type doped carbon nanotubes, where the nitrogen
atoms withdraw electron density from adjacent carbon

atoms, creating partially positive charged centers on the
MWCNT surface. These heterogeneous surface charges enable nitrogen-doped multi-wall carbon nanotubes (CNxMWCNTs) to exhibit significant catalytic properties, including
catalyzing oxygen reduction reactions relevant to fuel cells
and lithium air batteries. Dai and coworkers have suggested
that the mechanism of this catalytic activity is based on the
ability of both atoms of diatomic oxygen molecules to adsorb
in parallel to the primary axis of CNx-MWCNTs, rather than
adsorb perpendicular to the CNx-MWCNT primary axis as
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with un-doped MWCNTs [4]. This is suggested to be due to the
partially positive carbon atoms adjacent to the nitrogen doping sites.
The influence of CNx-MWCNTs on a representative redox
chemical reaction was investigated, and the CNx-MWCNTs
exhibited unique behavior compared to the other carbon
nanotubes investigated. The aqueous Iodine–Iodide system
is an important redox system, with applications ranging from
dye-sensitized solar cells to antiseptics [5,6]. Since carbon
nanotubes are incorporated into a wide variety of applications, ranging from dye-sensitized solar cells (DSSCs) [7], to
antiseptic composites [6], to fuel cells [4], it is important to
understand what impact carbon nanotubes doped with nitrogen and other elements may have in such systems.
In the current study the influence of SWCNTs, MWCNTs,
CNx-MWCNTs, and boron-doped multi-wall carbon nanotubes (CBx-MWCNTs) on aqueous iodine–iodide redox chemistry was evaluated.

2.

Experimental section

CNx-MWCNTs were synthesized at Rice University using a
floating catalyst aerosol-assisted chemical vapor deposition
(AACVD) method, under atmospheric pressure conditions.
Briefly, the chemical precursors used were a mixture of xylene
(25 vol%) and acetonitrile (75 vol%) with ferrocene added
(22 mg/mL) at a growth temperature of 850 "C. Argon/hydrogen (15% balance) gas was used to carry the nebulized precursor at a flow rate of 1.00 standard L/min and a precursor feed
rate of 0.4 mL/min through a quartz tube furnace where the
CNx-MWCNT materials were deposited onto Si wafers and
collected after synthesis. The total nitrogen content of the
CNx-MWCNTs was estimated at approximately 2.0% (+/
!0.5%) based on X-ray photoelectron spectroscopy [8].
CBx-MWCNTs were also synthesized at Rice University
using AACVD as outlined above. Full details can be found
elsewhere [2], but briefly, precursor solutions were prepared
mixing toluene and ferrocene at a concentration of 25 mg/
mL, and triethylborane at Fe:B ratio 5:1, followed by 30 min
sonication. The major bonding state is B-substituted-C and
BC2O on the CBx-MWCNT surface, and the boron content
was estimated to be approximately 0.7% by X-ray photoelectron spectroscopy.
SWCNTs and MWCNTs were purchased from Swan
Chemical, Inc. (Lyndhurst, NJ) as a wet cake material (Elicarb)

composed of 90 wt.% water and 10 wt.% CNT, and were used
as received.
The SWCNT and MWCNT material has less than 5 wt.%
inorganic ash content and less than 3 wt.% iron content
according to the certificate of analysis from the manufacturer.
The SWCNT diameters were approximately 2 nm and 1 lm in
length, and the MWCNT diameters were 12 nm and 10–
100 lm in length. The CBx-MWCNTs had diameters ranging
from 40 to 150 nm and 5 to 100 microns in length, with a
residual ash content of 5.1 wt.% after oxidation at 800 "C.
The CNx-MWCNTs had diameters ranging from 10 to 50 nm
and 10 to 100 lm in length, with a residual ash content of
6.3 wt.% after oxidation at 800 "C.
Hydroiodic acid (HI) acid (57 wt.%) was purchased from
Sigma–Aldrich (St. Louis, MO) and used as received.
Ultraviolet (UV) illumination was carried out with 96 W
UV-A light source (Syngene GVM-30, Frederick, MD), maintained at a distance of 35 cm from illuminated samples.
Centrifugal separation of CNT solids from supernatant
solutions was carried out in centrifuge 5804 (Eppendorf,
Hauppauge, NY) operating at 5000 RPM for 3 min at 22 "C.

3.

Results and discussion

Aqueous solutions of hydroiodic acid are converted to iodine
when exposed to air for prolonged periods, as described in the
reaction shown in Eq. (1) [9].
!
þ
4HI þ O2 ! 2Hþ þ 2I! þ I2 þ O!
2 ! 2H þ 2I2 þ 2H2 O2

! 2I2 þ 2H2 O

Eq. (1). Oxidation of hydroiodic acid to iodine via superoxide
free radical intermediate.
Exposure of aqueous solutions of hydroiodic acid to light,
particularly UV light, results in the reaction shown in Eq. (2)
[10,11].
3H I þ hv ! 2H# þ I2 ! H2 þ I2
Eq. (2). Photoconverstion of hydroiodic acid to hydrogen and
iodine via hydrogen free radical intermediate.
Triiodide is formed in equilibrium with iodine and iodide
as shown as Eq. (3).
I2 þ I! ! I!
3
Eq. (3). Equilibrium of iodine and iodide with triiodide.
The two reactions described in Eqs. (1) and (2) proceed
through free radical intermediates. Carbon nanotubes have

Fig. 1 – Schematic energy level diagrams for CNx-MWCNTs in an aqueous solution of HI acid in the presence of UV light (left)
and dissolved oxygen (right).
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Fig. 2 – Hydroiodic acid solutions irradiated with a UV-A
light source. The control sample was 20 mL neat 6 mM HI
acid, and all other samples were 20 mL 6 mM HI acid with
10 mg CNTs added. CNx-MWCNTs enhanced the
photoconversion of HI to HI3, forming nearly 60% more
triiodide than the control sample. CBx-MWCNTs and
SWCNTs inhibited the conversion of HI to HI3.
the potential to either promote or inhibit this pathway, which
is largely dependent on their composition and presence of
structural defects. Pristine SWCNTs and MWCNTs, along with
CBx-MWCNTs, are known to act as antioxidants [12]. SWCNTs
and MWCNTs have been shown to exhibit free radical scavenging and halogen adsorption [12,13]. Doping of MWCNTs
with boron (CBx-MWCNTs) results in enhanced radical scavenging [12]. However, Hurt et al. have shown that structural
defects present in SWCNTs and MWCNTs can have antioxidant deactivating properties [14]. This finding is supported
by another report from Jafvert et al., which showed that carboxylic acid groups functionalized SWCNTs produced reactive oxygen free radicals in water when exposed to sunlight
[15]. CNx-MWCNTs have been reported to promote redox
chemistry involving free radicals, such as the oxygen reduction reactions, which are particularly important in fuel cells
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[4,16,17]. The reactions shown in Eqs. (1) and (2) are free radical reactions which have the potential to be catalyzed by
CNx-MWCNTs (Fig. 1).
The results of UV-A light exposure studies on various carbon nanotubes in 6 mM hydroiodic acid solution afforded results consistent with previous reports (Fig 2) [12,13].
A control sample of hydroiodic acid containing no carbon
nanotubes showed moderate conversion of the HI to HI3 after
30 h exposure to a UV-A light source. CNx-MWCNTs substantially increased this photoconversion, while the SWCNTs and
the CBx-MWCNTs apparently inhibited this photoconversion.
While the SWCNTs and CBx-MWCNTs can scavenge the
hydrogen and hydrogen peroxide free radicals produced under UV-A irradiation (Eq. 2) [18], CNx-MWCNTs actually increase the rate of the oxidation of the HI to form hydrogen
triiodide (Eq. 1).
A series of redox experiments were carried out at different
temperatures to further examine the increased production of
hydrogen triiodide in the presence of CNx-MWCNTs. As the
solution temperature increases, the equilibrium shown in
Eq. (3) shifts to the left, with the concentration of I2 nearly
doubling as the temperature increases from 20 to 40 "C [19].
Hydroiodic acid (6 mM) exposed to UV-A light undergoes partial conversion to hydrogen triiodide at lower temperatures
(Fig 3, left), but no conversion of HI to HI3 was observed at
60 "C. Samples of hydroiodic acid in the presence of CNxMWCNTs at 60 "C, were partially converted to hydrogen triiodide in the dark and more so upon exposure to UV-A irradiation (Fig 3, right).
The conversion of hydroiodic acid to hydrogen triiodide
in the presence of CNx-MWCNTs in the dark (Fig 3, right,
diamonds) follows the oxygen reduction reaction shown in
Eq. (1). The hydroiodic acid irradiated with UV-A light in
the presence of CNx-MWCNTs undergoes both catalytic
oxidation (Eq. 1) and photochemical oxidation (Eq. 2). CNxMWCNTs enable photochemical oxidation even at elevated
temperature where this is typically inhibited. This strongly
suggests that there the catalytic properties of CNx-MWCNTs
extends beyond the oxygen reduction reaction to the photochemical oxidation.

Fig. 3 – Hydroiodic acid solutions (6 mM) exposed to UV-A light at various temperatures (left) and at 60 "C (right) in the
presence (UV-A and dark conditions) and absence (UV-A illuminated) of CNx-MWCNTs. The control sample run at 60 "C (right)
was neat 6 mM HI acid.
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Fig. 4 – Aqueous solutions of 6 mM hydroiodic acid (left) after 24 h exposure to UV-A light, before (left) and after (right)
exposure to SWCNTs. The presence of the triiodide ion is evident in the ‘before’ sample, and the yellow color is the result of
two strong absorbance peaks at 288 nm and 350 nm [22]. Spectrophotometric results (right) showing that as SWCNTs are
!5
M, far left), nearly complete removal of triiodide occurs after 1 h. (For
added to a solution of triiodide ([I!
3 ] = 2.4 · 10
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5 – Hydroiodic acid solutions (6 mM) under various conditions over 5 days. The combination of CNx-MWCNTs and UV-A
irradiation resulted in the greatest conversion of hydroiodic acid to hydrogen triiodide. The control sample was maintained
in the dark and showed no appreciable conversion of hydroiodic acid to hydrogen triiodide. Solutions were ‘reset’ each day by
a 1 h exposure to 1 mg SWCNTs to remove hydrogen triiodide.

The ability of the CNx-MWCNTs to enhance the conversion of hydroiodic acid to hydrogen triiodide was further
examined in a series of cycling experiments. Various hydroiodic acid samples were incubated in darkness or exposed to
UV-A light, in the presence and absence of CNx-MWCNTs.
Previous studies have demonstrated that polyiodides such
!
as I2, I!
3 , and I5 intercalate into SWCNT bundles [20,21].
Therefore a cleanup procedure employing SWCNTs was
developed based on this polyiodide intercalation to enable
recycling of hydroiodic acid solutions that had been partially
converted to hydrogen triiodide. This experiment consisted of
adding 1 mg of SWCNTs to 20 mL of 6 mM hydroiodic acid
that had been photochemically decomposed at room temperature for 24 h. The initial concentration of hydrogen triiodide
was 2.4 · 10!5 M, and within 1 h of continued stirring at room
temperature this concentration was reduced by more than
97%, to a concentration of 6 · 10!7 M (Fig 4). No surfactants
were used to disperse the SWCNTs and therefore nearly
all the SWCNTs were in the form of large bundles suitable
for intercalation of polyiodides.

This effective removal of hydrogen triiodide from solution by the SWCNTs facilitated cycling evaluation. Hydroiodic acid solutions were exposed to CNx-MWCNTs for 24 h
both in the dark and with UV-A irradiation. Next the CNxMWCNTs were removed by centrifugation, the supernatant
was exposed to SWCNTs for 1 h, after which the
SWCNTs were removed by centrifugation. The next cycle
was begun by the addition of fresh CNx-MWCNTs for another 24 h exposure, enabling the effective cycling shown
in Fig 5.
The results of the cycling experiments were in agreement with our initial studies. The total amount of hydrogen triiodide produced in the 24 h periods was reduced
after the first cycle for the control in UV-A light and
CNx-MWCNTs in the dark, while the CNx-MWCNTs in
UV-A light reduced after the second cycle. The dark
control remained constant over the entire study. This
reduction over continued cycles was expected as the
SWCNTs remove significant amounts of triiodide from
the solutions.
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Conclusions

The CNTs studied in this work have shown two distinct effects. The SWCNTs, MWCNTs, and CBx-MWCNTs studied
inhibited the photoconversion of aqueous solutions of hydroiodic acid to hydrogen triiodide. Based on this result, these
materials would be best employed at the counter electrode
of DSSCs where reduction of triiodide to iodide is desired.
These materials should be employed with caution at the
working electrode of DSSCs where triioide production is desirable. In contrast, the CNx-MWCNTs studied promoted the
photoconversion of the aqueous hydroiodic acid solutions to
hydroiodic acid, and dramatically increased the rate of oxidation by dissolved oxygen. Based on these results, the recommendation would be to employ CNx-MWCNTs at the
working electrode of DSSCs, and to assure that oxygen has
been excluded from the cell. SWCNT bundles removed polyiodides from solution by an intercalation process, consistent
with previous reports [21]. This interaction between SWCNT
bundles and polyiodides should be taken into consideration
when employing SWCNTs in dye sensitized solar cells
(DSSCs), as this behavior may affect cell efficiency. In most
cases it would not be desirable for this intercalation to occur,
and the SWCNTs should be thoroughly de-bundled prior to
integration into a DSSC. Those using CNx-MWCNTs [23],
CBx-graphene [24], and CBx-MWCNTs in DSSCs that employ
the iodide-triiodide redox pair should consider the results of
this report.
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