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a b s t r a c t

Due to the increasing concerns regarding public health and climate change, disinfectant generator
technologies that utilize green processes are becoming necessary. It has been confirmed that single-
walled carbon nanotubes (SWCNTs) can generate reactive oxygen species (ROS) in aqueous media
when illuminated with solar irradiation. However, low efficiency due to competitive reactions between
ROS and water and unclear kinetics hinder their potential practical applications. To overcome these
limitations, here, SWCNTs were studied in a non-aqueous ionic liquid (IL) to form a suspension system
for generating superoxide (O2

�) under UV light. The as-obtained O2
� from SWCNTs was qualitatively

confirmed by electron paramagnetic resonance and UVevis spectroscopy. The sustainability of the new
SWCNTs/IL system was confirmed by UVevis and Fourier-transform infrared spectroscopy. The IL proved
to be an ideal media that could extend the lifetime of O2

� from a few microseconds (generated in water)
to at least 65 h in the IL. The kinetics of photodynamic effect were investigated by electrochemical
characterizations. A new method was established to in-situ monitor the O2

� level in the IL system. The O2
�

level in the IL was quantitatively determined by combining cyclic voltammetry and chronoamperometry
techniques. The SWCNTs/IL system generated 4.11 mM of O2

� in a mini-scale generator, which was in
excess of germicidal levels for ROS. The sustainable, long duration and high-yield of the generator
exhibited excellent potential as a generator as well as an in-situ monitor for O2

�. This work could pave the
way for O2

� generation using SWCNTs and promote its applications in air and water disinfection for public
health, as well as O2

� sensitive chemical sensors for monitoring the environmental quality.
© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, public health has become one of the top research in-
terests. Traditionally, methanol, ethyl alcohol, and isopropyl alcohol
have been used to prevent disease from spreading since they are
fast-acting and effective; however, they are limited by short-term
use due to high volatility. As such, it is necessary to develop
ng@oakland.edu (Z. Wang),
sustainable disinfectants which utilize green processes and feed-
stock and are sufficient for long-term use. Reactive oxygen species
(ROS) are a type of highly reactive molecules that include, singlet
oxygen (1O2), hydroxyl radical (HO�), superoxide (O2

�), and
hydrogen peroxide (H2O2). Plenty of ROS-based disinfection tech-
nologies have been developed to kill viruses, bacteria, or deactivate
proteins [1e3]; however, in practice, generating ROS in aqueous
media comes with low yield, high cost, fast decay, and difficult
storage [3e5]. Thus, these limitations must be addressed for
widespread application to become viable.

Single-walled carbon nanotubes (SWCNTs) have attracted
increasing attention due to their excellent mechanical, electrical,
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thermal, and optical properties, which enable several applications
in multiple fields, such as coatings and films, microelectronics,
energy storage, biosensing, and water treatment [6e15]. It has been
proven that SWCNTs can generate ROS in the presence of UV or
visible light in water [16e20]. When the presence of SWCNTs are
excited by photo illumination in liquid media, a free electron is
released by the photoexcited SWCNTs and captured by oxygen (O2),
and O2

� is produced (Fig. 1) [16]. O2
� can further be reduced to HO�

and H2O2 in the presence of protons [21]. This process is known as
the photodynamic effect of SWCNTs.

The efficiency of the photodynamic effect of SWCNTs is depen-
dent upon the SWCNTs having either semiconducting or metallic
properties, which is determined by the arrangement of carbon
atoms (chirality). When SWCNTs are irradiated, the electrons in the
valence band transition to the conduction band and can react with
other active substances. As shown in Fig. 1, the semiconducting
carbon nanotubes have a smaller optical transition gap and more
optical transition path than metallic CNTs. To overcome the band
gaps of E11 (Fig. 1), the irradiation wavelength should be in the
range of 900 nme1400 nm and 550 nme900 nm, respectively [22].
The specific ideal wavelength depends on the chirality of each
SWCNT. Conversely, overcoming the bandgap of M11 (Fig. 1) re-
quires lower wavelength irradiation (350 nme650 nm) [22].
Although the presence of metallic SWCNTs may relax the electrons
away from semiconducting SWCNTs, it has been reported that a
mixture type of semiconducting and metallic SWCNTs could also
generate ROSwhen using a 350 nmUV light [17]. This suggested the
efficiency of the electron utilized by O2 was higher than that
relaxed by metallic SWCNTs in the competition, especially when
semiconducting SWCNTs are dominant in the composition. In
addition, 975.5 nm near infrared light has also been used to excite
SWCNTs and successfully generate ROS [16]. Most SWCNTs on the
market are offered in a mixture of metallic and semiconducting
carbon nanotubes; it remains a challenge to obtain high purity
SWCNTs with specific chirality. To ensure all SWCNTs, regardless of
chirality, would be excited, a 350 nm UV light source was used
herein. After being excited, SWCNTs can convert photon energy to
fluorescence emission heat energy or trigger photodynamic
Fig. 1. Schematic for O2
� generation by SWCNTs under photo illumination in IL and the in-situ

carbon nanotube.

2

reactions, which activate the adsorbed oxygen to produce ROS. The
occurrence of photodynamic reactions is determined by the
structure of SWCNTs [23].

Currently, ROS can be detected by several techniques such as
chromatography, spectrophotometry, and electrochemistry, with
the help of different chemical scavengers or indicators [24]. For
example, 1O2 can be detected by furfuryl alcohol through high-
performance liquid chromatography [17]. O2

� is commonly detec-
ted using nitro blue tetrazolium salt (NBT2þ), which reacts with O2

�

to produce monoformazan, a purple substance with optical ab-
sorption at 530 nm in water. This method is convenient and fast,
but NBT2þ is vulnerable to other reactive substances and is un-
suitable for low-level detection [24]. Terephthalic acid (TPA) is a
convenient detector for HO�. The non-fluorescent TPA becomes
fluorescent monohydroxy terephthalate upon reaction with HO�.
The production can be excited at around 315 nm and emission is
seen at 425 nm by using a fluorescence meter [25]. This method is
low-cost and fast, but TPA is also sensitive to UV light, which turns
the sample fluorescent in a UV-dependent system. Electrochemical
methods can be used to selectively detect O2

�. O2
� reacts with certain

proteins, and these reacted proteins can be re-oxidized at a specific
potential. However, only a limited number of sensitive proteins are
available for O2

� and additional preparation for the proteins is
required [24]. Here, we propose an in-situ and accurate detection
method for ROS, specifically O2

�, based on the principal of electro-
chemistry without needing additional indicators, equipment, or
complicated sample preparation.

Although CNT-generated ROS have been investigated in many
conditions, most reported results were studied in aquatic envi-
ronments [16e18], when ROS usually have very short lifetimes. For
instance, 1O2 only lasts for 4 ms in water [4]. The lifetime of O2

� is
also very short, only about 1 min if existing in basic aqueous so-
lution [5]. ROS can quickly react with hydrogen ions (protons) in the
environment to form stable substances. For example, O2

� reacts
with hydrogen to produce H2O2 [16]. Meanwhile, the HO� radical
can be consumed by organic compounds, carbonates, or other ROS
quenchers within a few microseconds [26]. The combination of
these factors has thus far limited the kinetic studies of the
O2
� detection by electrochemical measurements. IL, ionic liquid; SWCNT, single-walled
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generation process and its applications. This remains a major
challenge in further designs of energy-efficient systemswhich yield
high concentrations of ROS and are able to sustain long-term use.
Accordingly, it is critical to find an inert solvent to study the gen-
eration process that will not participate in reactions, or, ideally, will
lower the rate of the reactions, in order to resolve these problems.
Thus, rather than water, which is protic, we chose to study these
phenomena using an aprotic solvent.

Considering the inert and low volatility nature, aprotic ionic
liquid (IL) is an excellent solvent to study the properties of O2

�

[27e29]. As one of the most common room-temperature ILs, 1-
butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
([C4mpy] [NTf2]) has two roles in our system (Fig. 1). First, its
hydrophobicity helps to isolate moisture from ROS products,
which creates an inert environment for ROS to exist in. It has been
reported that O2

� could exist in [C4mpy] [NTf2] for over 9 h [30].
Second, this IL is especially useful due to its excellent electro-
chemical properties when used as an electrolyte [31,32]. The
redox couple, O2/O2

�, can be generated during cyclic voltammetry
(CV). Wang et al. [28] reported the oxidation peak for O2

� was
found near �1.2 V vs. ferricenium/ferrocene (Fcþ/Fc) couple dur-
ing the reverse CV scan at a Pt electrode. It is known the height of
oxidation peak is related to the concentration of reactant, O2

� [33].
This means that electrochemical methods can be used to study
ROS generation in IL without introducing any additional indicators
or quenchers.

In this work, the photodynamic effect of SWCNTs was investi-
gated in [C4mpy] [NTf2]. The SWCNTs/IL system was illuminated
with UV light to produce O2

�. The sustainability of the system was
studied using UVevis and Fourier-transform infrared (FT-IR) spec-
troscopy. Moreover, the generation of O2

� was qualitatively
confirmed using electron paramagnetic resonance (EPR) and
UVevis spectroscopy. To in-situ monitor the O2

� concentration
changes in the IL, a new detection method was established using
CV. Finally, the concentration of O2

� was quantitatively determined
by conventional electrochemical methods. It is expected that this
work will provide new insights into water and air disinfection
fields.
2. Materials and methods

2.1. Materials

SWCNTs (>95%) were purchased from Sigma-Aldrich. 1-Butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([C4mpy]
[NTf2], 99.5%) was purchased from IOLITEC GmbH company. NBT
chloride was purchased from Fisher scientific. Sodium dodecyl
sulfate (SDS) was purchased from Sigma-Aldrich (ACS reagent,
�99.0%). Deionized water (18.2 MU cm resistivity at 25 �C) was
produced by Milli-Q Reference Water Purification System.
2.2. Optical spectra characterizations for SWCNTs by UVevis
spectroscopy

A UVeVis spectrophotometer (GENESYS 150) was used to
characterize the optical absorption of SWCNTs from 300 nm to
1100 nm. To prepare the suspension for UVeVis spectroscopy,
3 mg of the as-received SWCNTs were added to 100 mL of 2 wt%
SDS aqueous solution. The solution was then dispersed by probe
sonication (Q500, Qsonica, LLC) in an ice bath for 30 min using a
power of 100 Watts. After that, the dispersed SWCNTs in SDS
aqueous solution were stabilized at room temperature and used
as the analyte sample. A 100 mL of 2 wt% SDS aqueous solution
without SWCNTs was also prepared and used as the benchmark.
3

2.3. Qualitative determination of O2
� by EPR

EPR spectroscopywas used to characterize the existence of O2
� in

the IL. Prior to EPR spectroscopy measurements, 0.1 mL of SWCNTs
were added to 1.5 mL of [C4mpy] [NTf2] and stirred. Oxygen was
then bubbled throughout the suspension and illuminated with UV
light for 22 h. EPR studies were carried out using a Bruker EMXplus-
9.5/2.7/P/L X-band continuous wave spectrometer (100 kHz field
modulation, 3.2 Gmodulation amplitude at 45 dB) at 77 K. After the
generation of O2

�, the solution was quickly transferred to an EPR
sample tube and frozen in liquid N2. No further adjustments were
made before scanning.

2.4. Qualitative determination of O2
� by UVevis spectroscopy using

NBT2þ

To prepare the suspension for characterizing the O2
� scavenger,

1 mg of as-received SWCNTs were added to 100 mL of ethanol to
form a 10 mg/L suspension of ethanol and SWCNTs. The solution
was then dispersed by probe sonication in an ice bath for 30 min
using a power of 100 Watts. Finally, the suspension of ethanol and
SWCNTs was obtained and stored in the dark until further use.
NBT2þ salt was used to detect the O2

�. 1 mg NBT2þ was added to
1 mL IL and stirred for 30 min. The composition of analytes con-
tained 0.1 mL NBT2þ/IL suspension, 0.4 mL IL and 0.05 mL ethanol/
SWCNTs suspension. Semimicro UV cuvettes were used to hold the
samples. The reference sample did not contain any NBT2þ. The
samples for control groups did not contain any SWCNTs. The
samples were illuminated with 350 nm UV light (6 Watts) and
characterized using UVeVis spectroscopy every 2 h. The details for
the composition of each sample will be given in the discussion
section.

2.5. Molecular structure characterization for IL using FT-IR
spectroscopy

FT-IR absorption spectra of SWCNTs/IL suspension were recor-
ded using a Varian 3100 Excalibur Series Spectrometer in the region
of 400e2000 cm�1. A single polyethylene ST-IR card supplied by
Fisher Scientific was used for collecting spectra. A glass vial was
filled with 6.05 mg/mL SWCNT concentrate in [C4mpy] [NTf2] and
stirred for at least 10 min. Then, the sample was irradiated with UV
light for a total of 180min using a Stratagene Stratalinker 1800 from
Marshall Scientific while oxygen was simultaneously bubbled
through the sample. Spectra were recorded at 60 min intervals.

2.6. Electrochemical evaluations for photodynamic effect in
SWCNTs/IL system

To prepare the stock suspension for electrochemical measure-
ments, 10 mg of the as-received SWCNTs were added to 10 mL of IL
to form a suspension. The suspension was then stirred in the dark
for 36 h. The vial was sealed well during the stirring process to
prevent the IL from absorbing moisture in the air. The dispersed
suspension of SWCNTs and IL was obtained after the stirring and
was stored in the dark until further use.

The CV and CA measurements were performed by CH In-
struments 660e. For CV measurements, a 2-mm gold electrode was
used as the working electrode, and two platinum wires were used
as the reference and counter electrode. For CA measurements, a
12.5-mm diameter gold microelectrode was used as the working
electrode. The reference and counter electrodes were kept the
same. A quartz cuvette cell (transmission range from
170 nme2700 nm) was used as the electrochemical cell to hold the
suspension. The entire setup of the experiments is shown in Fig. 3a.
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It consisted of the gas flow system, EC system, and UV lamp. The air-
gas from a gas cylinder was dried by an air-drying column (Fisher
scientific, Lot No. NC9760623). The flow rate was 100 sccm and
controlled by a flow rate controller. A mini magnetic stirrer was
added to the cell. A UV lamp (350 nm, 6 Watts) was placed toward
the cell at a fixed position.

To prepare the electrolyte, 1.5 mL pure IL and 0.1 mL stock
suspensionwere added to the cell. The concentration of SWCNTs in
the IL was about 62.5 mg/ml. The cell was then dried in a vacuum
oven at 60 �C overnight to remove moisture in the IL. Air was
purged through the system prior to CV measurements; then, the
electrochemical cell was stabilized for another 30 min. For all
subsequent procedures, the airflowwas purged to the surface of the
IL rather than into the IL, and the electrolyte was stirred by a
magnetic bar to avoid the aggregation of the SWCNTs. The power of
the stirring was kept as low as possible to avoid any interference
with the electrochemical process. Control group tests were per-
formed by replacing the SWCNTs/IL suspension with pure IL and
repeating the same procedures.

3. Results and discussion

In this section, the sustainability of the SWCNTs/IL system under
long-term UV light treatment will first be discussed in Section 3.1.
The qualitative studies of O2

� generated from SWCNTs in the IL is
provided in Section 3.2. Then, a newmethod was established to in-
situ monitor the O2

� level in the IL system, which is introduced in
Section 3.3. Finally, the concentration of O2

� was quantitively
determined through conventional electrochemical methods in
Section 3.4.

3.1. Sustainability studies for SWCNTs/IL system by optical spectra
characterizations

To investigate the irradiation response of SWCNTs, the UV-VIS
absorption spectra of SWCNTs from 300 nm to 1100 nm were ob-
tained (Fig. S1). It has been established that optical absorption
spectra can identify SWCNT types [34]. The absorptions at different
wavelengths originate from the photo energy requirements for the
electronic transitions of M11, E11, and E22 (Fig. 1). From the spectra,
the SWCNTs showed absorption at the UV range (300e400 nm) and
had additional peaks at 587 nm and 1022 nm, which means irra-
diations at these ranges could be used to excite the SWCNTs. To take
full advantage of all mixture types of SWCNTs, a 350 nm UV lamp
was used for excitation. Moreover, combining these results with CV
and CA data, it was determined that the 350 nm UV irradiation did
not change the electrochemical properties of the IL (Section 3.3).

To further confirm the IL had no molecular structural changes
after UV illumination, FT-IR absorption spectra for the SWCNTs/IL
suspension in the region 400e1500 cm�1 was also obtained
(Fig. 2a). The intense bands at 740 and 790 cm�1 are contributed by
SeN stretching and CF3 bending vibrations, respectively, which
aligned well with a previous report [35]. After 3 h of UV treatment,
neither new bands appeared nor did any existing bands disappear,
which indicated the molecular structure of the IL did not change
due to irradiation. Further, this suggested that the IL could be
reusable to some extent, showing the excellent sustainability of the
system. The noise in the spectra was most likely caused by the
presence of SWCNTs, which were black and had strong absorption
across the full spectrum.

To investigate the long-term stability of O2
� in the IL, O2

� was
specifically generated by CV, which has previously been reported as
a reliable generation method [30]. The experimental details are
given in SI. The existence of CV generated O2

� was confirmed using
UVevis spectroscopy where an absorbance peak occurred at
4

235 nm (Fig. S2), which was consistent with other work [29]. The
intensity of the absorbance at 235 nm was used to estimate the
concentration of O2

�. As it shown in Fig. 2b, there was 79.7% of O2
�

still remaining in the IL after 65 h, this proved that the IL, [C4mpy]
[NTf2], is an ideal media for storing O2

� and its high sustainability for
the system.

3.2. Qualitative determinations for O2
� generated by photodynamic

effect

To qualitatively confirm the system could generate O2
� by

photodynamic effect, EPR spectroscopy was used to characterize a
UV-treated SWCNTs/IL suspension. As it shown in Fig. 2c, the EPR
spectrum of the UV-treated SWCNTs/IL suspension showed a single
peak at around 3350 G, which was in agreement with other works
[36,37]. Thus, the EPR spectra directly confirmed that O2

� could be
generated by SWCNTs via photodynamic effect.

The existence of O2
� generated solely by SWCNTs was also

confirmed by another conventional method using NBT2þ as an in-
dicator. NBT2þ can react with O2

� to generate a purple product,
monoformazan. The formation of this product is indicated by an
optical absorption peak around 530 nm, which can be detected by
UVevis spectroscopy [17]. Since the IL used here was aprotic, a
small volume of ethanol was added to the reaction mixture as a
proton source that is required to form the final product [38]. The
addition of ethanol also improved the solubility of monoformazan
compared to that in pure IL; this was especially beneficial since the
mixture exhibited the better optical absorption results. As shown in
Fig. 2d, the color of both #2 and #5 samples became purple with
increasing UV illumination time. Both showed optical absorption at
around 530 nm and the intensities of the absorptions increased
with UV illumination time. All of these features were consistent
with previously reported results [17]. The intensity of #5 was much
larger than #2 (Fig. 2e), which confirmed the generation of super-
oxide by the photodynamic effect of SWCNTs, as only #5 contained
SWCNTs. Samples #3 and #6were placed in a dark room so that the
SWCNTs could not utilize photon energy to generate O2

�, and no
color change occurred. These results further confirmed the exis-
tence of O2

� and demonstrated the correlation of O2
� generated in

the system and UV irradiation.

3.3. In-situ monitor for O2
� level in SWCNTs/IL system

To confirm the SWCNTs/IL system could be evaluated by elec-
trochemical methods, CV measurements were performed in pure IL
and in the SWCNTs/IL suspension at various scan rates. Figs. 3b and
d show typical CV curves obtained for the pure IL and the sus-
pension of SWCNTs and IL at room temperature, respectively,
where the curve has a forward reduction peak (labeled by①) and a
backward oxidation peak (labeled by ②). Ideally, when no other
impurities were present, the O2 was reduced to O2

� in the reduction
process, and the O2

� was oxidized back to O2 in the oxidation pro-
cess. The presence of the oxidation peak (②) suggested the exis-
tence of O2

�. The peak potential for O2
� generation was �0.73 V (vs.

Fcþ/Fc). The CV curves in pure IL contained 0.01 M ferrocene and
are shown in Fig. S3. The features of the curve in pure IL were
identical to that in the suspension, which indicated that the
SWCNTs were not involved in the electrochemical process. The
curve also aligns well with other works that used the same IL
[27,30].

The CVs for the IL contained no SWCNTs or contained SWCNTs
were performed at scan rates of 9, 36, 64, 81, and 100 mV/s. The
results are provided in Figs. 3b and d. It was found that the sepa-
ration between the reduction and oxidation peak potentials
changed with the scan rate (Table 1), which indicated the



Fig. 2. Sustainability characterization for the SWCNTs/IL system and qualitative studies of O2
� in the system. (a) FT-IR absorbance spectra for the suspension of IL and SWCNTs with

UV light treatment after 0, 1, 2, and 3 h. (b) The percentage of O2
� remaining in the IL vs. time. (c) EPR spectrum of O2

� generated by SWCNTs/IL suspension after 24 h of UV light
treatment. (d) UVevisible absorption spectra of the SWCNTs/IL system containing NBT2þ. (e) Color change after 0, 2, 4, and 6 h for samples of #1. IL and ethanol; #2. IL, NBT2þ and
ethanol (350 nm UV radiation); #3. IL, NBT2þ, and ethanol (dark). #4. IL, SWCNTs, and ethanol; #5. IL, NBT2þ, SWCNTs, and ethanol (350 nm UV radiation); #6. IL, NBT2þ, SWCNTs,
and ethanol (dark). EPR, electron paramagnetic resonance; FT-IR, Fourier-transform infrared; IL, ionic liquid; NBT, nitro blue tetrazolium; SWCNT, single-walled carbon nanotube;
UV, untraviolet.
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electrochemical generation of O2
� was an irreversible process. The

peak currents for the reduction and oxidation processes are pro-
portional to the square root of the scan rate (Fig. 3c and e), which
confirmed the electrochemical process is under diffusion control.
This is also consistent with an irreversible electrochemical process
[30,33]. These results proved that the SWCNTs/IL system could be
evaluated and analyzed by electrochemical methods.

To establish an in-situ detectionmethod for O2
� in the SWCNTs/IL

system, long-term, continuous CVs were performed while the
system was simultaneously under UV irradiation. Three other
samples were setup as control groups, including IL under UV
treatment (IL UV), SWCNTs/IL without UV treatment (SWCNTs/IL no
UV), and IL without UV treatment (IL no UV). Since the oxygen
redox process in IL was under diffusion control, the oxidation peak
current, ipo, is positively correlated to three parameters, the con-
centration of O2

� ([O2
�]), the diffusion coefficient of O2

�, and the scan
rate of CVs [39]. The diffusion coefficient of O2

� can be considered
constant if the temperature is constant, thus, when using the same
scan rate to perform the CVs, ipo is proportional to [O2

�]. As such, the
peak current density is an important factor used to estimate [O2

�].
The kinetics of the photodynamic effect were explored using the

change of peak current densities with reaction time. Fig. 4a shows
the peak current density changes o vs. the reaction time in pure IL
electrolyte without UV illumination. It was found that both
reduction and oxidation current densities exhibited a slight in-
crease, which suggested that O2 dissolved in the IL andwas reduced
to O2

� in the CV process. This was consistent with previous reports
[27,30,39].When the pure IL electrolytewas illuminated by UV light
(Fig. 4b), the reduction peak current densities of O2 dramatically
decreased while the oxidation current densities of O2

� continued to
increase. This was because the slight increase of temperature
caused by UV illumination increased the diffusion coefficient of O2
5

in the IL and facilitated the reduction reaction of O2 to produce
more O2

�. The decrease of the concentration of O2 ([O2]) in the IL
leads the reduction of current densities to decrease during the first
half of scanning. We believe that the ability of O2 from air to
dissolve in IL is weak and slow. Though the air was purging to the
surface of IL, the local [O2] near the working electrode was
decreased in the first 5 h. Thus, O2 was rapidly consumed, and O2

�

was rapidly generated in the first 5 h. Later, the consumption and
compensation of O2 reached dynamic equilibrium. The reduction
current densities no longer decreased, and the increased rate of the
oxidation current densities was also smaller than the first 5 h. This
indicated that the [O2] was stable, and the increased rate of O2

�

became slower after 5 h.
When SWCNTs were added to the IL in the dark (Fig. 4c), the

reduction and oxidation current densities exhibited a similar in-
crease to that in Fig. 4a. This indicated that the presence of SWCNTs
in the electrolyte did not change the electrochemical system. This
was consistent with previous CV experiments using various scan
rates (Fig. 3). When the electrolyte suspension was treated with
350 nm UV light (Fig. 4d), the reduction current densities only
decreased for a short period of time (1e3 h) and then slightly
increased. This was similar to the case in Fig. 4b and proved the
repeatability of the different experiments. The oxidation current
densities show a significant increase in Fig. 4d, which suggests the
[O2

�] was greatly increased by the photodynamic effect.
Hereinwe have established a newmethod to in-situmonitor the

relative O2
� levels in the SWCNTs/IL system. Based on the funda-

mentals of electrochemistry, peak current is correlated to the
concentration of reactant [33]. Here, the ratio of oxidation peak
current to reduction peak current (R ¼ ipo/ipr) was used to evaluate
the generation of O2

� from the photodynamic effect of SWCNTs. ipo
is correlated to [O2

�] in the IL overall, and ipr is correlated to the [O2]



Fig. 3. Electrochemical reaction cell setup and CV curves at various scan rates. (a)
reaction cell setup. (b) and (c) CVs for IL in the absence of SWCNTs at room temper-
ature and scan rates of 9, 36, 64, 81, and 100 mV/s (d) and (e) CVs for IL in the presence
of SWCNTs and IL suspension at room temperature and scan rates of 9, 36, 64, 81, and
100 mV/s. CV, cyclic voltammetry; IL, ionic liquid; SWCNT, single-walled carbon
nanotube.
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that was involved in the reduction reaction where a small amount
of O2

� was chemically generated. Thus, the defined R could be used
to evaluate the [O2

�] distinctly generated by SWCNTs in the system
and excluding any O2

� produced from electrochemical reaction.
Considering the increase of O2

� led to the oxidation reaction
during CV to produce O2, such a contribution of O2 would likewise
increase ipr during the reduction process. Thus, a constant ipr, when
t ¼ 0, was used for calculations and is represented by ipr (0); ipo is
given as a function of reaction time and is represented by ipo (t). As
a result, R(t) is given by Eq. (1).

RðtÞ ¼ ipoðtÞ
�
iprð0Þ (1)

To make comparisons among control groups and experimental
groups, R(t) was normalized by Eq. (2):

CðtÞ¼RðtÞ � Rð0Þ
Rð0Þ (2)

Where C(t) represented the relative [O2
�] generated by SWCNTs

as a function of reaction time. The in-situ monitoring results are
Table 1
Peak-to-peak potential separation at various scan rates.

Scan rate (mV/s) |Epr e Epo| (mV)

IL IL þ SWCNTs

9 103 96
36 111 106
64 134 128
81 139 138
100 151 151

|Epr e Epo|: The difference between reduction peak and oxidation peak potential.
|Ep e Ep/2|: The difference between reduction peak and half reduction peak potential.
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provided in Fig. 4e. The overall growth trend for the red curve
(SWCNTs/IL with UV light) was much larger than the other three
curves. This confirmed the generation of O2

� by SWCNTs when
illuminated with UV light since the normalized ratio did not in-
crease when UV illumination (‘SWCNTs/IL no UV’) or SWCNTs (‘IL
UV’) were absent. Besides, it has been reported that metal catalyst
from CNTswas involved in the formation of ROS, such as Nickle [17].
However, the ‘SWCNTs/IL no UV’ curve was on similar level as the
other two control groups. It indicated that the SWCNTs/IL system
could not generate O2

� in absence of UV light. This was consistent
with the result from NBT2þ characterization and ruled out the
possibility that the catalyst metal from SWCNTs was involved in the
reaction. In fact, the sample used in this work was highly purified
SWCNTs. After 100-fold dilution, the concentrations of other im-
purities were even lower. Thus, the catalyst metal has negligible
impact on the system. Comparing the ‘IL UV’ curve with the ‘IL no
UV’ curve, it was found that UV illumination slightly facilitated the
reduction reaction of O2. The slight increase of temperature caused
by the UV illumination increased the diffusion coefficient of O2,
which was consistent with the current density analysis discussed
previously. When both SWCNTs and UV illumination existed
(‘SWCNTs UV’ curve), O2

� was quickly generated, and the [O2
�] under

these conditions was much larger than that of control groups. This
demonstrated the photodynamic effect of SWCNTs when the sys-
tem was illuminated with UV light. The newly established method
was able to in-situ monitor the O2

� level in the SWCNTs/IL or pure IL
system.
3.4. Quantitative determination of O2
� by conventional

electrochemical measurements

[O2
�] was quantitatively determined by both CV and CA mea-

surements using a 2-mm and 12.5 mm gold microelectrode,
respectively, via conventional electrochemical calculations. Ac-
cording to Hayyan et al. and Katayama et al. [39,40], for an irre-
versible, one-step, and one-electron electrochemical reaction
(O2 þ e / O2

�), the peak current and potential from CV measure-
ments are given by the following Eqs. (3)e(5) [33]:

ipr ¼
�
2:99 * 105

�
a1=2ACoDo

1=2 v1=2 (3)

���Ep �Ep=2
���¼1:857RT

aF
(4)

Where a is charge transfer coefficient; A is the surface area of the
working electrode in cm2; Co is the bulk concentration of O2 in mol/
ml; Do is diffusion coefficient of O2 in cm2/s; n is scan rate in V/s; Ep
is the peak potential in V; Ep/2 is the half-peak potential in V; R is
the universal gas constant in J/(mol. K); T is the absolute temper-
ature in K; F is Faraday's constant, 96,485 C/mol.
|Ep e Ep/2| (mV) |Ep e Ep/2| (mV)

IL IL þ SWCNTs

79 88
103 100
103 100
101 104
101 103



Fig. 4. The reduction and oxidation peak current density changes in (a) pure IL (dark),
(b) pure IL (UV), (c) SWCNTs/IL (dark), (d) SWCNTs/IL (UV). (e) In-situ monitor of O2

�

levels in SWCNTs/IL and IL systems. (f) [O2
�] generated by SWCNTs vs. reaction time. IL,

ionic liquid; SWCNT, single-walled carbon nanotube.
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From CA measurements, the steady-state current (iss) was ob-
tained (Fig. S4) and given as follows:

iss ¼ 4nFDoCoro (5)

Where n is the number of electrons and ro is the radius of the
electrode. Consequently, Co and Do can be solved using Eqs. (3)e(5).
As shown in Table 2, [O2] was smaller in the suspension than in
pure IL, but the diffusion coefficient of O2 for the suspension and IL
were inversely related. This suggested SWCNTs absorbed a portion
of O2 molecules that dissolved in the IL. During the forward voltage
scan, the dissolved O2 molecules diffused to and were reduced at
the working electrode, considering this, SWCNTs might also be
driven to the electrode. The evidence suggested SWCNT aggrega-
tion occurred during long-term CV measurements. The conductive
and tiny SWCNTs may diffuse faster than O2 when driven by
voltage. As a result, the diffusion coefficient of O2 increases.

If Eq. (3) is applied to both reduction and oxidation processes
and substituted into R, Eq. (6) is given by:

R ¼ ipo
�
ipr ¼ CxDx=Co Do (6)

Where Cx is [O2
�], and Dx is the diffusion coefficient of O2

�. The
diffusion coefficient of O2

� in this IL is constant and was taken from
the literature [39]. In Eq. (6), Co and Do can be obtained by Eqs. (1)
and (3), which is given in Table 2. Co was assumed to be constant
Table 2
Concentration of O2 (Co), diffusion coefficient of O2 (Do), steady-state current (iss),
charge transfer coefficient (a) in suspension, and pure IL.

Co (mmol) D0 (10�9 m2/s) a iss (nA)

Suspension 0.43 2.8 0.36 2.897
IL 1.33 0.33 0.44 1.070
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since the air was continuously purged into the electrochemical cell.
Dr and Do were also assumed to be constant, as they were only
dependent on temperature. Thus, using Eq. (6), the [O2

�] for all four
samples, SWCNTs/IL UV, IL UV, SWCNTs/IL no UV, and IL no UV, was
determined. After calculations, the initial [O2

�] was normalized to
zeromM at time zero. The [O2

�] generated by SWCNTs changedwith
reaction time and is given in Fig. 4f, where the electrochemically
generated [O2

�] has already been subtracted.
Based on Fig. 4f, the SWCNTs/IL system generated 4.11mM of O2

�

within 17 h. We were aware that the CV process could generate a
small amount of O2

�. After subtracting the partial concentration of
O2
� from CV, the total amount of O2

� from photodynamic effect was
determined to be 3.19 mM. In the first 60 min, the SWCNTs/IL
system produced 190 mM of O2

�, which was more than six times
greater than a recently reported ROS generator that produced
29.62 mMof O2

� in 60min [3]. Meanwhile, the reaction rate constant
(k0 ¼ d[O2

�]/dt) for the photodynamic effect was determined to be
4.99 * 10�8 mol$L�1$s�1. This exhibited a high generation efficiency
of O2

� in this system. Taking the weight of SWCNTs (62.5 mg/ml)
into consideration, k0 was determined to be 4.99 *
10�4 mol$L�1$g�1$s�1. The generated O2

� herein was still excessive
with respect to the germicidal levels of ROS [3,41]. Given the small
scale of this system, which only contained 1.6 mL IL and 0.1 mg
SWCNTs, it is expected the generation efficiency could be improved
by enlarging the scale of the systemdadding more SWCNTs and
adjusting the wavelength of illumination. The low-level detection
of [O2

�] by electrochemical techniques could provide feedback for
those improvements and help optimize the system in future
research.

4. Conclusions

This study illustrates the newly developed SWCNTs/IL ([C4mpy]
[NTf2]) suspension is a sustainable system to efficiently produce
and store ROS for long-term. The photodynamic effect of SWCNTs
could enable high-yield O2

� generation in non-aqueous, IL media
under UV illumination. The generation of O2

� by SWCNTs in the IL
was qualitatively confirmed by UVevis and EPR spectroscopy, as
well as electrochemical measurements. The IL was confirmed to
have no structural changes after long-term UV light treatment.
Based on CV measurements, the SWCNTs/IL system works with
electrochemical methods, which enable in-situmonitoring of O2

�. To
the best of our knowledge, this is the first time generating O2

� by
SWCNTs in IL without interference from water, and in-situ moni-
tored O2

� levels by CV has been reported. This new suspension
system could be used as an effective generator and sustainable
storage media for O2

�, as well as a real-time in-situ monitor for the
low-level detection of O2

�. The system could also be used as a
starting point for generating O2

� using other materials in the future.
It is expected that this work will help elucidate the kinetics of ROS
generation using carbon materials and pave the way for their ap-
plications in air and water disinfection and O2

� sensitive chemical
sensors.
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