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Broader context

As a common environmental disaster due to its high toxicity, considerable
effort has been committed to remove phenol from the ambient environ-
ment, particularly from wastewater. Here, we report a unique route that
creatively harnessed the b-cyclodextrin enhanced triboelectrication for
self-powered phenol detection as well as electrochemical degradation. A
detection sensitivity of 0.01 mM�1 was demonstrated in the sensing range
of 10 mM to 100 mM. In addition, the b-cyclodextrin enhanced tribo-
We report a unique route that creatively harnessed b-cyclodextrin

enhanced triboelectrification for self-powered phenol detection as

well as electrochemical degradation. A detection sensitivity of 0.01

mM�1 was demonstrated in the sensing range of 10 mM to 100 mM. In

addition, b-cyclodextrin enhanced triboelectrificationwas designed to

harvest kinetic impact energy from wastewater waves to electro-

chemically degrade the phenol in a self-powered manner without

using an external power source.
electrication was designed to harvest kinetic impact energy from
wastewater waves to electrochemically degrade the phenol in a self-pow-
ered manner without using an external power source. At a xed wave
velocity of 1.4 m s�1 and an initial phenol concentration of 80 mg L�1, the
generated power is capable of cleaning up to 90% of the phenol in the
wastewater in 320 min. Given the compelling features, such as being self-
powered, environmentally friendly, extremely cost-effective, simple, device
reusable, high stability, high detection sensitivity and degradation effi-
ciency, b-cyclodextrin enhanced triboelectrication renders an innovative
approach for ambient phenol detection and electrochemical degradation.
Introduction

Phenol is corrosive to human eyes, skins, and the respiratory
tract due to its high toxicity. Repeated or prolonged human
contact with phenol may cause harmful effects on the liver,
kidneys, heart and central nervous system, resulting in
dysrhythmia, seizures and coma.1 In almost all cases, phenol is
damaging not only to individual species and populations, but
also to natural biological communities.2 Disturbingly, with
plenty of discharging sources, such as chemical plants, phar-
maceutical plants and petroleum reneries, phenol is one of the
most serious and persistent organic pollutants that widely exists
in the ambient environment, particularly in the surface waters.3

Considerable effort has been committed to develop various
techniques for phenol detection and degradation, including
chromatographic,4 spectrophotometric,5 photocatalytic,6

adsorptive,7 and electrochemical analyses.8 However, a wide
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adoption of these techniques may be shadowed by limitations
such as sophisticated and expensive instruments, complex and
time-consuming procedures, high energy consumption as well
as high operating cost.9,10

Here, for the rst time, we report a unique route that uses the
energy harvested via b-cyclodextrin enhanced tribo-
electrication for a self-powered phenol treatment, which is an
efficient integration of phenol detection and degradation.
Relying on the b-cyclodextrin (b-CD) as the recognition element,
the as-fabricated nanosensors can selectively capture and detect
phenol molecules with a sensitivity of 0.01 mM�1 in a sensing
range of 10–100 mM. The presented nanosenors are proved
reusable aer being refurbished with ethyl alcohol. Moreover, b-
CD enhanced triboelectrication was creatively utilized to
harvest the kinetic impact energy from wastewater waves, acting
as a direct power source to electrochemically degrade phenol.
Under a xed wave velocity of 1.4 m s�1 and initial phenol
concentration of 80 mg L�1, the generated power was demon-
strated to degrade 90% of the phenol in the wastewater in 320
min. The b-CD enhanced triboelectrication offers a unique
Energy Environ. Sci., 2015, 8, 887–896 | 887
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route to treat the environmental phenol with a systematic
integration of detection and degradation in a self-powered
manner. With a collection of compelling features, such as high
detection sensitivity and degradation efficiency, extremely low
cost, simplicity and reusability, the presented work not
only provides a new and efficient pathway for environmental
chemical treatment, but also a solid “green” advancement
in the elds of wastewater treatment, ecological sanitation,
environmental degradation, monitoring, assessment and
sustainability.
Results and discussion

The systematic phenol treatment using the b-CD enhanced tri-
boelectrication consisted of two steps: detection and degra-
dation. Regarding phenol detection, the as-fabricated
nanosensor holds a multilayered structure with acrylic as sup-
porting substrates, as schematically shown in Fig. 1a. On the
upper substrate, a layer of polytetrauoroethylene (PTFE) lm
was adhered acting as a contact surface with coated copper as
the back electrode. On the lower substrate, a layer of Ti foil with
surface grown TiO2 nanowires is laminated as another contact
surface. TiO2 nanowires on the Ti foil were prepared via a
coupling of the hydrothermal route in an alkali solution with an
ion-exchange process.11,12 A scanning electron microscopy
(SEM) image of the grown TiO2 nanowires on the titanium foil is
presented in Fig. 1b with the measured average nanowire
diameter and length of 73.4 nm and 1.92 mm, respectively.
Furthermore, the corresponding X-ray diffraction (XRD) pattern
Fig. 1 (a) A sketch of the triboelectrification with b-cyclodextrin surfa
nanowires. The scale bar is 5 mm. (c) The XRD spectra of the grown TiO2 na
the hydroxyl groups of b-cyclodextrin to TiO2 nanowires. (e) An image o

888 | Energy Environ. Sci., 2015, 8, 887–896
of TiO2 nanowires is shown in Fig. 1c. b-CDmolecules were then
assembled onto the TiO2 nanowires as a surface chemical
modication. Fig. 1d illustrates the charge transfer from the
hydroxyl groups of b-CD to TiO2 nanowires. Here, b-CD plays
dual roles of a phenol recognition element and an electrical
performance enhancer. A detailed description of the function of
b-CD is presented in the following working principle section. An
image of the as-fabricated phenol nanosensor is shown in
Fig. 1e. The device has the dimensions of 4 cm � 4 cm. In
addition, the detailed fabrication process is presented in the
Experimental section.

Designed to use b-CD as the phenol recognition element as
well as the electrical performance enhancer, the working prin-
ciple of the devices based on b-CD enhanced triboelectrication
can be elucidated in two aspects, namely, b-CD as surface
chemical modication and triboelectrication for phenol
detection and degradation. On one hand, b-CD is a cyclic
oligosaccharide of seven a-D-glucose units connected through
glycosidic a-1, 4 bonds, which are composed of hydrophobic
internal cavity and hydrophilic external surface. This special
molecular structure allows it to form a host/guest inclusion
complex via various guest molecules with suitable polarity and
dimension. The cavity diameter of b-CD has been found to be
the most appropriate size for the selective adsorption of
phenol,13,14 which explains b-CD as a surface chemical modi-
cation for phenol recognition. On the other hand, the tribo-
electrication for phenol detection is a two-way coupling of the
triboelectric effect and electrostatic induction.15–22 At the orig-
inal position, an initial contact of titanium dioxide with the
ce modification for phenol detection. (b) A SEM image of the TiO2

nowires. (d) Schematic diagram for illustrating the charge transfer from
f the as-fabricated device for phenol detection. The scale bar is 2 cm.

This journal is © The Royal Society of Chemistry 2015
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PTFE brought about charge transfer due to their different
electron affinity, resulting in positive charges on the titanium
dioxide and negative ones on the PTFE (Fig. S1a in ESI†). Once
separation emerges, the induced electrical potential difference
drives the electrons to ow from the Cu electrode to the Ti
electrode (Fig. S1b in ESI†). By continuously increasing the
separation, almost all the positive triboelectric charges are
screened at the maximum separation (Fig. S1c in ESI†). As the
two plates approach each other due to the spring elastic force,
electrons are driven back from the Ti electrode to the Cu elec-
trode (Fig. S1d in ESI†).23–28 Given a consistent and cyclical
operation of the two plates of the as-fabricated nanosensor at a
xed surface concentration of b-CD, the acquired output elec-
trical signals in the external circuit are determined by the
phenol concentration absorbed by the b-CD on the surface of
the TiO2 nanowires, which is the cornerstone of the b-CD
enhanced triboelectrication for phenol detection. Further-
more, the electrical signals generated by the b-CD enhanced
triboelectrication can also act as a direct power source to
electrochemically degrade the phenol in the wastewater. Elec-
tricity is converted from the motion of wastewater waves, which
renders a self-powered manner for phenol degradation.

In order to investigate the reasoning behind the b-CD func-
tioning as an electrical performance enhancer, a series of elec-
trical outputs was experimentally measured under various b-CD
concentrations. The electric performance of the device was
characterized in terms of the open-circuit voltage and the short-
circuit current. The detailed working principle of the devices in
both open-circuit and short-circuit conditions are depicted in
Fig. S2 in ESI.† As demonstrated in Fig. 2a and b, both current
and voltage signals were increasingly proportional to the
surface concentrations of b-CD till a saturation point was
reached, which was 80 mM by experimental observation. An
output plateau emerged with a further increase in the concen-
trations beyond 80 mM. Fig. 2c and d present enlarged views of
the current and voltage output signals at the b-CD concentra-
tion of 80 mM and a comparison with the output signals without
b-CD surface modication. 6.0 times and 8.7 times enhance-
ments of the current and voltage outputs were experimentally
observed owing to the 80 mM b-CD surface modication.
According to the triboelectric series (Fig. S3 in ESI†), a table
showing the ability of a material to gain/lose electrons, PTFE is
triboelectrically negative and has a large difference in the ability
to attract and retain electrons as compared to TiO2. Thus, when
the two materials come in contact, PTFE grabs the electrons
from TiO2, whereas TiO2 gives them up. Thus, PTFE is nega-
tively charged and TiO2 is positively charged, resulting in a
potential drop between the two if they are separated. The
enhancement in electrical output by b-CDmodication is due to
the charge transfer from b-CD to TiO2. Namely, the binding of
b-CD to the TiO2 nanowire surface is ascribed to the adhesion of
the hydroxyl groups, which derives from physical adsorption or
H-bonding interactions. In addition, charge-transfer complex
between the b-CD hydroxyl groups and the surface Ti atoms of
the TiO2 nanowires was formed owing to the coordination effect
between the ligand and the metal under visible light irradia-
tion.29–33 Charge transfer from the hydroxyl groups of b-CD to
This journal is © The Royal Society of Chemistry 2015
TiO2 nanowires arise from the new hybrid property of the TiO2/
b-CD complex. More surface charge transfer then takes place at
the contact area upon the triboelectrication between PTFE and
TiO2. Consequently, b-CD is capable of acting as an effective
chemical surface modier, which can enhance tribo-
electrication and thus the device output performance.

Aer looking into the impact of b-CD concentrations on the
electrical output, a further step was taken to evaluate the
performance of b-CD enhanced triboelectrication for self-
powered phenol detection. Under a xed b-CD concentration of
80 mM, phenol solutions with various concentrations but
constant volumes (20 mL) were dropped onto the surface of b-CD
modied TiO2 nanowires. Prior to further electrical measure-
ment, the phenol treated nanosensors were dried at ambient
temperature. The dependence of the positive peak values of the
current and voltage outputs on the phenol concentrations are
presented in Fig. 3a and b, respectively. In a certain phenol
concentration region of 10–100 mM, both the current and
voltage outputs are a monotonically decreasing function of
phenol concentrations throughout the experimental time
windows. The decrease is mainly attributed to a modied
surface triboelectric behavior due to the adsorbed phenol
molecules. The phenol will replace the position of TiO2 to
contact with PTFE. In comparison with TiO2, phenol molecules
have a lower tendency to transfer the electrons to PTFE,
resulting in an electrical output that is dependent on the phenol
concentrations. In order to render a direct view of the sensing
performance of the b-CD enhanced triboelectrication for
phenol detection, both the current ratio ((I0 � I)/I0) and the
voltage ratio ((V0 � V)/V0) were plotted versus the phenol
concentrations, as shown in Fig. 3c and d. These results reveal
that the designed nanosensor is sensitive to the phenol mole-
cules with a sensitivity of 0.01 mM�1 in the sensing range of 10–
100 mM.

It is worth noting that triboelectric charges are also very
dependent on the surface properties (e.g. roughness) of the two
contacting surfaces. A control experiment was conducted to
validate that the changes in triboelectric signals were mainly
caused by the binding between b-CD and phenol. Different
phenol solutions with various concentrations at a constant
volume (20 mL) were directly dropped onto the TiO2 surface
without b-CD modication. As can be seen, increasing the
concentration of phenol would increase the output of the as-
fabricated device, as shown in Fig. S4 in ESI,† which was
attributed to the surface roughness alteration due to the solid
materials remaining on the TiO2 surface aer evaporation.
However, such an effect seemed to be small and insignicant in
comparison to the effect from b-CD surface modication,
particularly when the phenol concentration was in a lower
concentration range from 0 to 100 mM. This veried the domi-
nant role of b-CD to alter triboelectric signals in the phenol
detection processing.

Furthermore, control experiments were carried out to test
the selectivity of the as-developed b-CD enhanced tribo-
electrication toward phenol detection as compared to other
organic species. With a constant concentration of 50 mM for all
the testing organic species, the obtained current ratio from the
Energy Environ. Sci., 2015, 8, 887–896 | 889
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Fig. 2 (a) Dependence of the current output on the b-cyclodextrin concentrations. (b) Dependence of the voltage output on the b-cyclodextrin
concentrations. A comparison of the measured current (c) and voltage (d) signals of the triboelectrification without and with an 80 mM b-
cyclodextrin surface modification.

Energy & Environmental Science Communication

Pu
bl

is
he

d 
on

 2
9 

Ja
nu

ar
y 

20
15

. D
ow

nl
oa

de
d 

by
 G

eo
rg

ia
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
on

 2
9/

07
/2

01
5 

15
:5

4:
04

. 
View Article Online
phenol absorbed nanosensor was far larger than that of the
other organic species (Fig. 3e), which indicated that the b-CD
enhanced triboelectrication is an effective means for phenol
detection with excellent selectivity. In addition, besides the
compelling features, such as high sensitivity, selectivity,
extremely low cost, environmentally friendly and working in a
self-powered manner, the b-CD enhanced triboelectrication
based nanosensor is reusable and can be refurbished by ethyl
alcohol rinsing aer phenol detection. The measured current
and voltage outputs of a refurbished nanosensor are demon-
strated (Fig. S5 in ESI†), which show no observable output
degradation aer refurbishment. Furthermore, both the XRD
pattern (Fig. 3f) and the SEM image (Fig. S6 in ESI†) show no
chemical composition or surface morphology change aer
refurbishment, which proves the good reusability of the device
for phenol detection.

Admittedly, the presence of water or environmental
humidity is still a challenge to all the reported tribo-
electrication based energy harvesters or sensors because it
largely affects the preservation of triboelectricity on the
surfaces.34–36 Experimentally, at the device level, the reported
results indicated a negative impact on the output performance
of the water. However, theoretically, at the fundamental level of
the study of triboelectrication, the mechanism of contact
electrication as well as the inuence of humidity on it remains
890 | Energy Environ. Sci., 2015, 8, 887–896
poorly understood. To date, the results of some studies have
been proven inconclusive, suggesting that depending on
humidity and the properties of contacting materials, the water
contained in air can either promote or inhibit contact electri-
cation.37 Consequently, in this work, we harnessed a drying
process to obviate the confusing situation.

We further investigated the stability of the devices. For the
investigation, an electrodynamic shaker (from Labworks Inc.)
that provides a sinusoidal wave was used as a vibration source
with tunable frequency and amplitude. The experimental
results are shown in Fig. 4. The current and voltage outputs of
the device were measured and compared before and aer a
50 000-cycle continuous operation. According to Fig. 4(a) and
(b), the output only showedminor degradation. Furthermore, as
shown in Fig. 4(c), the SEM images of the TiO2 nanowires were
taken aer 10 000, 20 000, and 50 000 cycles of operation. It can
be observed that the metallic oxide nanowires were almost
unaffected by the continuous operation of the device, indicating
the good durability of the device.

For a systematic treatment of ambient phenol, a further
action was taken to degrade the phenol aer it was detected.
Here, a b-CD enhanced triboelectrication based energy
harvester was developed as a power source to electrochemically
degrade the phenol in the wastewater using the kinetic impact
energy from water waves.38–41 A schematic representation of the
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Under a fixed 80 mM b-cyclodextrin surface modification, dependence of the current (a) and voltage (b) output on the phenol
concentrations. Inset shows the reaction mechanism between b-cyclodextrin and a phenol molecule. (c) The sensitivity and detection range of
the as-developed b-CD enhanced triboelectrification for phenol detection in terms of both current and voltage output. (d) A sensitivity of 0.01/
mMwas simultaneously achieved from both current and voltage signals with a detection range of 10–100 mM. (e) Selectivity of the as-developed
b-CD enhanced triboelectrification for phenol detection. Inset shows an illustration of the reaction mechanism between b-cyclodextrin and
different types of organic species. (f) A comparison of the XRD pattern of the TiO2 nanowires: (i) as-grown and (ii) refurbished with 20 mL ethyl
alcohol after phenol detection.
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water wave energy harvester is shown in Fig. 5a, which has a
multilayered structure with acrylic as supporting substrates. An
annular ring shaped elastic rubber was employed to bridge the
top plate of the “core” with the central-holed acrylic substrate,
and thus it is capable of converting the water wave impact into
the contact-separation of the two contact surfaces, PTFE and b-
CD modied TiO2 surfaces, and thus convert the wave energy
into electricity as a sustainable power source for phenol
degradation. Fig. 4b shows a close view of the “core” of the as-
developed wave energy harvester. An image of the as-fabricated
b-CD enhanced triboelectrication based wave energy harvester
for phenol degradation is displayed (Fig. S7 in ESI†). An inte-
grated self-powered phenol degradation system by harnessing
wastewater wave energy is demonstrated in Fig. 5c. An as-
fabricated wave energy harvester equipped with a Ti/PbO2

anode and a Ti cathode was vertically xed in a wastewater
container. The detailed description of the wave energy harvester
This journal is © The Royal Society of Chemistry 2015
fabrication and the experimental setup for electrochemical
phenol degradation are presented in the Experimental section.

With a surface concentration of 80 mM b-CD on the TiO2

nanowires, a quantitative characterization of the output
performance responding to various water wave velocities was
systematically investigated. In order to quantitatively control
the water waves, a linear motor was used to introduce a peri-
odical impact onto the water. The water waves were propagated
at different velocities by controlling the frequency and the
impulse length of the linear motor. Furthermore, a directly
proportional relationship was experimentally observed between
the two, as shown in Fig. 5d and e. At a water wave velocity of 1.4
m s�1, the generated current density and voltage are as high as
20 mA cm�2 and 70 V, respectively. The performance of the
phenol degradation based on b-CD enhanced tribo-
electrication was evaluated at a xed wave velocity of 1.4 m s�1.
Furthermore, the UV-visible absorption spectra of the phenol in
Energy Environ. Sci., 2015, 8, 887–896 | 891
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Fig. 4 Stability test of the as-fabricated devices. Current output (a), voltage output (b) of the device as well as the SEM images of the surface TiO2

nanowires (c) after continuous working for up to 50 000 cycles. The scale bars are 5 mm.
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the waste water, measured at xed time intervals, are shown in
Fig. 6a. With increasing in electrochemical degradation time,
the characteristic absorption peak intensity of phenol in the
wastewater decreases evidently, indicating the effectiveness of
the route for self-powered phenol degradation. The inset of
Fig. 6a shows the calibration curve of phenol concentration at
Fig. 5 (a) Structural design of the b-CD enhanced triboelectrification fo
water waves. (b) An illustration of the core part of the b-CD enhanced
integrated self-powered phenol degradation system by harnessing water
voltage (e) output of the b-CD enhanced triboelectrification on the wav

892 | Energy Environ. Sci., 2015, 8, 887–896
the wavelength of 269 nm, which is the wavelength corre-
sponding to the characteristic absorption peaks. In order to
further validate that the decrease in the phenol absorption peak
intensity is attributed to the electrochemical degradation, a
control experiment was conducted without triboelectrication
or external power sources. The UV-visible curve of the phenol
r self-powered phenol degradation using kinetic impact energy from
triboelectrification for phenol degradation. (c) Demonstration of an
waves. The scale bar is 15 cm. The dependence of the current (d) and
e velocities.

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (a) UV-visible absorption spectra of the phenol in the wasted water with increasing electrochemical degradation time by the b-CD
enhanced triboelectrification. Inset shows the calibration curve of the phenol concentration from the absorption spectra at a wavelength of 269
nm. (b) Comparison of the phenol degradation time versus the water wave velocity when the degradation percentage reaches 90%, without and
with an 80 mM b-cyclodextrin surface modification. (c) Comparison of the phenol degradation percentage versus the degradation time under
different propagating speeds of water waves. (d) Comparison of the initial phenol concentration versus the degradation time under fixed water
wave velocity of 1.4 m s�1. (e) The proposed reaction mechanisms of the phenol electrochemical degradation.
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solution remained unchanged as the time passed by (Fig. S8 in
ESI†). Electricity is a must for the electrochemical degradation
of phenol. Without electricity, phenol cannot degrade on its
own over time.

Factors, particularly the b-CD surface modication, wave
velocity and the phenol initial concentration, can signicantly
inuence the effectiveness of the proposed routes for phenol
electrochemical degradation. A systematic investigation of
these three factors was made to comprehensively evaluate the
performance of the b-CD enhanced triboelectrication based
self-powered phenol degradation. First, the inuence of b-CD
surface modication on the degradation performance was
studied via a comparison of the time needed for reaching a
phenol degradation percentage of 90% under various wave
velocities at a xed initial phenol concentration of 80 mg L�1.
Technically, in an electrochemical degradation processing, the
degradation efficiency is proportional to the applied power. As
shown in Fig. 6b, without b-CD surface modication, phenol
still degrades over time, but the degradation efficiency is very
This journal is © The Royal Society of Chemistry 2015
low due to a relatively smaller electrical output of the devices.
However, aer surface modication with b-CD, the b-CD
enhanced triboelectrication, which contributes to a larger
electrical output of the devices, signicantly boosts the speed of
phenol electrochemical degradation and decreases the time
required for completely mineralizing the phenol in the
wastewater.

Secondly, as an important factor for the electrical output, the
inuence of water wave velocity on the degradation perfor-
mance was also studied at a xed initial phenol concentration
of 80 mg L�1. As demonstrated in Fig. 6c, to reach the same
phenol degradation percentage, a shorter time is needed with a
larger wave velocity. Similarly, given a xed degradation time
interval, a larger wave velocity will contribute to a larger phenol
degradation percentage in the wastewater. Specically, given a
wave velocity of 1.4 m s�1, the degradation percentage of phenol
in the wastewater is up to 90% in 320 min. Furthermore, in the
beginning, the phenol concentration in wastewater is high. The
amount of phenol that can be degraded per unit time is more,
Energy Environ. Sci., 2015, 8, 887–896 | 893
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which corresponds to a higher degradation rate. As the degra-
dation reaction proceeds, the phenol concentration in waste-
water continues to decrease. This inevitably leads to a low
degradation efficiency. Hence, the degradation rate increases at
rst (before 320 min) and then remains constant over time.

In addition, the initial phenol concentration in the waste-
water is another factor that needs to be explored for a systematic
evaluation of the degradation performance. It is observed from
Fig. 6d that under a xed wave velocity of 1.4 m s�1, more time is
required for the electrochemical degradation starting with a
higher initial phenol concentration. Moreover, though the
initial phenol concentration varies, the residual content of
phenol remains almost the same aer a continuous degrada-
tion for 360 min. Furthermore, it is encouraging to nd that the
electrochemical degradation process is more effective at higher
initial phenol concentrations, which renders the proposed
route very practical and promising for industrial wastewater
treatment.

Experimentally, the phenol electrochemical degradation
initiated at the Ti/PbO2 anode electrode, where the color of the
solution changed from the initial colorless to yellow (40–260
min), and lastly to colorless (300 min) (Fig. S9 in ESI†). The
proposed reaction mechanisms of the phenol electrochemical
degradation are illustrated in Fig. 6e. In the electrochemical
oxidation process, the phenol pollutants can not only be
mineralized by the hydroxyl radicals produced on the anode
surface, but can also be directly oxidized and degraded on the
surface of the anodes. Phenol was rst transformed into the
phenoxy radical, and then, the hydroxyl radicals produced on
the anode surface attacked the benzene rings to produce
hydroquinone and catechol. The hydroquinone and catechol
were further degraded to benzoquinone, which turned the
solution from colorless to yellow.8–10 Subsequently, the ring was
broken, and the benzoquinone was degraded into various
carboxylic acids such as maleic acid, oxalic acid and formic
acid. Finally, these organic acid intermediates were mineralized
into CO2 and H2O, and thus, the solution became colorless
again.

Conclusions

In summary, we demonstrate a unique route that creatively
harnessed the b-CD enhanced triboelectrication for both self-
powered phenol detection and electrochemical degradation.
Relying on the b-CD as the recognition element, the as-fabri-
cated nanosensors can selectively capture and detect the phenol
molecules in an ambient environment. A detection sensitivity of
0.01 mM�1 was experimentally read by calibrating both the
current and the voltage signals in a sensing range of 10–100 mM.
The presented nanosenors are proved reusable aer being
refurbished with ethyl alcohol. In addition, the b-cyclodextrin
enhanced triboelectrication was designed to harvest kinetic
impact energy from water waves to electrochemically degrade
the phenol in a self-powered manner without supplying an
external power. At a xed wave velocity of 1.4 m s�1 and initial
phenol concentration of 80 mg L�1, the generated power is
capable of cleaning up to 90% of the phenol in the wastewater
894 | Energy Environ. Sci., 2015, 8, 887–896
in 320 min. The justied concept of self-powered phenol treat-
ment using triboelectrication is a green alternative to tradi-
tional methods, which could arouse a broad range of audience,
particularly from the elds of wastewater treatment, ecological
sanitation, environmental degradation, monitoring, assess-
ment and sustainability. Furthermore, it can not only be applied
to the ambient phenol detection and degradation, but also can
be extended to other common organic pollutants in the waste-
water, such as methylbenzene, benzaldehyde, chlorobenzene,
aniline, and benzoic acid, which is promising and could
possible change the current method of wastewater treatment.

Experimental section
Growth of TiO2 nanowires on Ti foils

Ti foils with the dimensions of 2 cm � 2 cm were ultrasonically
and ordinarily cleaned in acetone, ethanol, and water for
10 min. Subsequently, the treated Ti foils were put into an
NaOH aqueous solution (1 M, 20 mL) in a 25 mL Teon-lined
stainless steel autoclave. Then, the sealed autoclaves were
placed in ovens at the temperatures of 220 �C for 24 h and then
cooled to room temperature. Aer the hydrothermal reaction, Ti
foils were covered with Na2Ti2O4(OH)2 nanowires, which were
immersed into HCl solutions (1 M, 20 mL) for 10 min aer
being washed by DI water. In this processing, Na+ was replaced
with H+, forming H2Ti2O4(OH)2 nanowires on the Ti foils. Then,
the Ti foils were dried at room temperature aer they were
removed from the HCl solution and washed with DI water again.
TiO2 nanowires on the Ti foils were obtained aer a heat
treatment of the samples in an oven at 500 �C for 3 h.

Surface modication of TiO2 nanowires with b-CD

A physical adsorption method42–44 was used to assemble a layer
of b-CD molecules onto the TiO2 nanowires. TiO2 nanowires on
the Ti substrate were immersed into the b-CD solutions with
different concentrations at room temperature for 12 h. Subse-
quently, the b-CDmodied TiO2 surface was thoroughly washed
with ethanol and acetone to remove the excess of b-CD mole-
cules and then dried under vacuum.

Fabrication of a nanosensor for phenol detection

Two pieces of acrylic with the dimensions of 4 cm � 4 cm were
shaped by laser cutting as supporting substrates. Four holes
were drilled at each corner for spring installation. A layer of Cu
(50 nm) was deposited onto the PTFE thin lm (25 mm) by
physical vapor deposition (PVD), which was then laminated
onto the inner surface of the acrylic substrate as the top plate
with Cu as the back electrode. The Ti/TiO2 composite was
assembled onto the bottom acrylic substrate with TiO2 nano-
wires facing the PTFE on the top plate. Finally, conducting wires
were connected to the Ti and Cu electrodes for subsequent
electrical measurements.

Fabrication of a wave energy harvester for phenol degradation

Two pieces of different acrylic, square-shaped and central-
holed, were shaped by laser cutting as supporting substrates
This journal is © The Royal Society of Chemistry 2015

http://dx.doi.org/10.1039/C4EE03596H


Communication Energy & Environmental Science

Pu
bl

is
he

d 
on

 2
9 

Ja
nu

ar
y 

20
15

. D
ow

nl
oa

de
d 

by
 G

eo
rg

ia
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
on

 2
9/

07
/2

01
5 

15
:5

4:
04

. 
View Article Online
with the dimensions of 15 cm � 15 cm. A layer of Cu (50 nm)
was deposited onto the PTFE thin lm (25 mm) by PVD. Then,
the Cu/PTFE composite was laminated onto the inner surface of
the acrylic substrate as the top plate. The Ti/TiO2 composite was
assembled on the bottom acrylic substrate with TiO2 nanowires
facing the PTFE on the top plate. An annular ring shaped elastic
rubber was employed to bridge the top plate of the wave energy
harvester with the central-holed acrylic substrate. Finally, con-
ducting wires were connected to the Ti and Cu electrodes for the
subsequent electrochemical degradation of phenol.
Characterization

A Hitachi SU8010 eld emission scanning electron microscope,
operated at 5 kV and 10 mA, was used to measure the size and
shape of the grown TiO2 nanowires. A PANalytical X'Pert PRO
diffractometer (Almelo, Netherlands) with Cu Ka radiation (l ¼
0.15418 nm) was employed to measure the X-ray diffraction
(XRD) patterns of the as-prepared TiO2 nanowires. The electrical
signals were acquired using a programmable electrometer
(Keithley Model 6514) and a low-noise current preamplier
(Stanford Research System Model SR570).
Electrochemical degradation of phenol solution

The electrochemical degradation of phenol was performed in a
plastic box lled with 2000 mL of phenol solution at room
temperature. Prior to degradation, 0.1 g of NaCl as the electro-
lyte was added into solution to improve the conductivity of the
phenol solution. Due to good chemical stability and high elec-
trocatalytic activity, the Ti and Ti/PbO2 electrodes were placed
into the phenol solution and acted as the cathode and the
anode, respectively. A rectifying bridge was connected to the
wave energy harvester to convert the alternating current to
direct current signals. The absorbance spectra of the phenol
solution was monitored and measured at xed time intervals
using an UV-visible spectrophotometer (JASCO V-630).
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