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In the present work, TiO2 nanotubes (TNT) and carbon-doped TiO2 nanotubes
(C-TNT) were produced via the anodization method. Carbon doping was per-
formed on TNT in a tubular oven employing two different 15 cm3/min total
flow rates with varying compositions of acetylene (C2H2) and argon (Ar) as
VC2H2/Ar = 7/93 (1 cm3/min C2H2 + 14 cm3/min Ar) for C-TNT (7:93) and
VC2H2/Ar = 33/67 (5 cm3/min C2H2 + 10 cm3/min Ar) for C-TNT (33:67). The
synthesized C-doped TNT was characterized by x-ray diffraction (XRD), Ra-
man spectroscopy, and scanning electron microscopy (SEM). XRD, Raman
spectra, and SEM results reveal that a carbon film structure was formed on
the TNT surface. In addition, the electronic structure of TNT changed with
doping of carbon on the TNT surface. These carbon-doped TNTs were em-
ployed as catalysts for the photocatalytic oxidation of glucose (GA). Cyclic
voltammetry (CV), chronoamperometry (CA), and electrochemical impedance
spectroscopy (EIS) measurements were carried out to investigate the glucose
electro-oxidation activity of the carbon-doped TNTs in the dark and under UV
illumination (k = 354 nm). C-TNT (7:93) exhibited the highest glucose electro-
oxidation activity under the dark and UV illumination compared to C-TNT
(33:67) and TNT. The glucose electro-oxidation (GAEO) current density on C-
TNT (7:93) improved significantly under UV illumination compared to glucose
electro-oxidation activity obtained in the dark. C-TNT (7:93) enhanced glucose
electro-oxidation activity and stability under UV illumination. This electrode
production method is promising for the design of photocatalytic glucose fuel
cells.
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INTRODUCTION

Energy is a vital and persistent need for human-
kind, and it is supplied from fossil fuels such as
petroleum, coal, and natural gas. Fossil fuel exhaust
gases such as nitric oxides (NOx), sulfur oxides
(SOx), and carbon dioxide (CO2) are hazardous
gases, leading to global warming and acid rain.

Fossil fuel resources are being depleted due to the
increase in population and industrialization. To
eliminate these disadvantages of fossil fuel con-
sumption in energy generating systems, a vast
number of studies are dedicated to alternative
energy sources such as fuel cells,1–28 batteries,29–32

solar energy,30–47 and wind energy.41–60 Fuel cells
are environmentally friendly devices that convert
chemical energy into electrical energy.4,11 Hydrogen
is a clean and sustainable energy source, with high
energy density. Hydrogen fuel cells are one of the
potential devices for dealing with the problems
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caused by fossil fuel employment.61 However, the
transportation, storage, and flammability of hydro-
gen gas are important drawbacks to the use of
hydrogen as a fuel in hydrogen fuel cells. Direct
liquid fuel cells (DLFCs) are types of fuel cells where
liquid fuels such as alcohols,62 formic acid,63 for-
mate,64 borohydride,65 or glucose (GA)66 are
employed as fuel.67 In DLFCs, electro-oxidation
reactions occur in either alkaline or acidic media.
DLFCs coupled with anion exchange membranes
are more advantageous than acidic DLFCs because
alkaline media is better for the kinetics and oxygen
reduction ability in terms of electro-oxidation.68

Among these fuels, GA is non-toxic, non-flam-
mable, non-volatile, and the most abundant com-
pound in nature.69,70 GA, with an energy density of
2.87 MJ/mol, is fed to the anode side of a GA fuel cell
(DGFC).71,72 As a result, 24 electrons are generated
by GAEO to give CO2 as follows:

Anode C6H12O6 þ 24OH� ! 6CO2 þ 18H2O

þ 24e� in alkaline mediað Þ
ð1Þ

GA Cathode 12H2O þ 24e� þ 6O2 ! 24OH�

ð2Þ

Overall C6H12O6 þ 6O2 ! 6CO2 þ 6H2O ð3Þ

However, this reaction is uncommon and unlikely
to occur, and to date, partial oxidation of GA has
been achieved. GA partial oxidation involves break-
ing a C–H bond to produce gluconic acid.73–81

Anode C6H12O6 þ 2OH� ! C6H12O7 þ 2H2O þ 2e�

ð4Þ

GA Cathode H2O þ 2e� þ 0:5O2 ! 2OH� ð5Þ

Overall C6H12O6 þ 0:5O2 ! C6H12O7 ð6Þ

Numerous research studies have been dedicated
to improving the efficiency and stability of electro-
catalysts for GAEO. The GAEO current density
values compiled from the literature are given in
Table I. It is notable that metal alloy catalysts such
as Ni, Pt, Pd, and Au were used in these studies,
and it is clear that their current density values
varied in a wide range of 0.44–23.43 mA/cm2.82–87

In the present work, carbon-doped TiO2 nanotubes
(C-TNT) were produced and their GAEO activity
was examined to assess their employment as an
anode material in a DGFC.

TNT has superior properties including chemical
inertness, non-toxicity, high surface area, thermal
stability, directional charge transfer, and excellent
biocompatibility. TNT can be produced via anodiza-
tion, organic degradation, and chemical vapor

deposition techniques.88–90 Among these methods,
electrochemical anodization of titanium foil is a
promising method to produce one-dimensional self-
organized, highly ordered, and vertically oriented
TNT. Moreover, carbon doping can be performed as
a uniform film on TNT in a tubular oven.88–90

In the present work, TNT was firstly synthesized
via anodization. Carbon was then doped onto TNT
in a tubular oven using two different compositions
of both C2H2 and Ar with 15 cm3/min total flow rate
as VC2H2/Ar = 7/93 (1 cm3/min C2H2 + 14 cm3/min
Ar) for C-TNT (7:93) and VC2H2/Ar = 33/67 (5 cm3/
min C2H2 + 10 cm3/min Ar) for C-TNT (33:67).
These C-TNT materials were characterized using
x-ray diffraction (XRD), Raman spectroscopy, and
scanning electron microscopy (SEM). To examine
the GAEO activity of C-TNT, Cyclic voltammetry
(CV), chronoamperometry (CA), and electrochemical
impedance spectroscopy (EIS) electrochemical mea-
surements were utilized.

EXPERIMENTAL

Preparation of TNT and C-TNT

Synthesis of TNT

The anodization of titanium foil (Sigma-Aldrich),
employed as substrate, was conducted in two steps
as described elsewhere.91 The anodization of tita-
nium foil was performed in NH4F/C2H6O2 elec-
trolyte (3% water and 0.3% NH4F) at 100 V, with
voltage kept constant for 2 h. After anodization, to
remove the oxide layer, the Ti foils were washed
with deionized water and then dried with argon gas.
This prepared TNT was placed in the tubular
reactor and the reactor temperature was increased
to 500�C. After 20 min, the oven was shut down and
allowed to cool. This TNT was named TNT-heated.

Synthesis of C-TNT

C-TNT was produced in a tubular oven under
C2H2-Ar gas mixtures. First, TNT was cleaned by
washing with deionized water before carbon doping.
The reactor medium was fixed at varying C2H2-Ar
flow rates to define the effect of the flow rate of
carbon doping on TNT. Carbon doping was per-
formed on TNT in a tubular oven employing two
different 15 cm3/min total flow rates with varying
compositions of C2H2 and Ar as VC2H2/Ar = 7/93
(1 cm3/min C2H2 + 14 cm3/min Ar) for C-TNT (7:93)
and VC2H2/Ar = 33/67 (5 cm3/min C2H2 + 10 cm3/
min Ar) for C-TNT (33:67). The reactor temperature
was increased to 500�C. After 20 min, the oven was
shut down and allowed to cool.

Characterization of Materials

TNT and C-TNT electrodes were characterized by
XRD, Raman spectroscopy, and SEM. The crys-
tallinity of these samples was examined with XRD
at 2h = 20–100o with 0.1o min�1 intervals via
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Analytical Empyrean (Cu-Ka, k = 1.5405 Å). Raman
spectroscopic measurements were performed using
a WITec alpha300 R device. SEM images were

obtained using a ZEISS SIGMA 300 instrument to
analyze the surface of TNT and C-TNT materials.

Table I. Comparison of GAEO activity on different anode materials

Samples
Preparation

method

Peak
potential

(V)
Current density

(mA cm22) References

Ni(OH)2-24.2%/TNT Hydrothermal method �0.68 23.43 82
NiO-TiO2-ZrO2/SO4

2� – �0.72 5.19 83
CNT/nano-TiO2/Pt

complex electrode
– – 13 84

Pd/C Water-in-oil micro-
emulsion

�0.6 0.92 85

Au/C Water-in-oil micro-
emulsion

�0.6 2.58 85

Au-GO – �0.3 0.435 86
Graphene/ITO electrode CVD method 0.4 6.58 87
N-doped few-layergraphene/

ITO electrode
CVD method 0.4 9.12 14

C-TNT (7:93) UV illumina-
tion

Anodization method 0.6 9.10 This study

C-TNT (7:93) dark Anodization method 0.6 7.60 This study

Fig. 1. SEM images of TNT material at 5 lM, 2 lM, and 0.5 lM resolution.
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Electrochemical Measurements

All electrochemical measurements were per-
formed using a CHI 660 E potentiostat. TNT, C-
TNT (7:93), and C-TNT (33:67) were employed as
working electrodes with 0.5 cm2 electrode surface
area. Pt wire and Ag/AgCl(sat) electrode were used
as counter electrode and reference electrode, respec-
tively. All electro-oxidation measurements were
investigated to determine the GAEO activity of
TNT, TNT-heated, C-TNT (33:67), and C-TNT (7:93)
with CV, CA, and EIS in 1 M KOH + 0.5 M GA
solution at 100 mV s�1 between �0.8 V and +0.8 V
potential range in the dark and under UV illumi-
nation (k = 354 nm). Under UV illumination, the

stability of the TNT, C-TNT (33:67), and C-TNT
(7:93) electrodes for 1000 s and 0.6 V was examined
in CA. In addition, the charge transfer resistance for
the electro-oxidation of GA at TNT, C-TNT (33:67),
and C-TNT (7:93) electrodes was investigated with
EIS at about 320 kHz and 0.05 Hz to 0.005 V
amplitude and varying potentials.

RESULTS AND DISCUSSION

Physical Characterization

The morphology of TNT, C-TNT (7:93), and C-
TNT (33:67) was analyzed using SEM, and SEM
images are given in Figs. 1 and 2. Figure 1 shows

Fig. 2. SEM images of (a–c) C-TNT (7:93), (d–f) C-TNT (33:67).
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the morphology of the unmodified TNT. The amor-
phous nature of this material is observed by SEM.
After exposure to C2H2 for carbon doping at high
temperature, some crystallites appear on the outer
surface of the tubes in C-TNT (7:93) and C-TNT
(33:67), visible on 500 nm images in Fig. 2c and f.
Carbon layers also formed on these structures. As
shown in Fig. 1c, the carbon structure on the TNT
surface changes with the ratio of C2H2 (Fig. 2a–b
and d–e). The carbon layer on the outer surface of
the nanotubes and on the surface of the electrode is
clearly observed on the images of C-TNT (33:67).

Raman spectroscopy was performed on TNT, C-
TNT (7:93), and C-TNT (33:67) films. Figure 3
illustrates the Raman spectra for TNT, C-TNT
(7:93), and C-TNT (33:67) prepared films. TNT, the
unmodified sample, exhibits three very broad bands
confirming the presence of the amorphous structure
of TiO2. It is notable that the Raman spectra depict
broad peaks for the TNT sample, revealing that
TNT is amorphous.92,93 Such broad features can be
assigned to Ti–O bending (180 cm�1 and 400 cm�1)
and Ti–O stretching (600 cm�1) vibrations. For C-
TNT (7:93) and C-TNT (33:67) samples, TNT was
inserted in a furnace and subjected to heat, and
thus the structure of TNT was altered during the
solid/liquid/vapor interaction through crystalliza-
tion.92,93 It is clear that the relatively strong
intensity of these peaks indicates the good crys-
tallinity of C-TNT. According to the literature,
anatase shows six Raman active modes: A1g
(519 cm�1), 2B1g (399 cm�1 and 519 cm�1) and
3Eg (144 cm�1, 197 cm�1, and 639 cm�1). Sharp
peaks obtained at A1g (510.6 cm�1), 2B1g
(393.6 cm�1 and 510.6 cm�1), and 3 Eg
(158.1 cm�1, 206 cm�1, and 632.11 cm�1) for CNT
(7:93) and peaks obtained at A1g (512.10 cm�1),
2B1g (393.59 cm�1 and 512.10 cm�1), and 3 Eg
(157.6 cm�1, 194.9 cm�1, and 632.11 cm�1) for C-

TNT (33:67) correspond to the anatase structure
Raman active modes as reported in the literature.
These obtained Raman active modes are related to
the tetragonal structure of anatase TiO2 with a D4h
space group.92,93 All peaks could be observed in the
Raman spectrum and confirmed that the prior
amorphous TNT layer was successfully transformed
into anatase phase via C-doping due to heating.
Compared with the values reported in the literature
and the broad peaks of amorphous TNT, significant
peak shifting was observed after doping with carbon
black. The peak shifting became more obvious with
the increase in C-doping content (Fig. 3). In detail,
for the peak at 144 cm�1, after C-doping, the peaks
shifted to the right at 158.1 cm�1 for C-TNT (7:93)
and 157.6 cm�1 for C-TNT (33:67). At the peak of
197 cm�1, after C-doping the peaks shifted to the
right at 206 cm�1 for C-TNT (7:93) and shifted to
the left at 194.6 cm�1 for C-TNT (33:67). The peak
at 639 cm�1 shifted to the left for both of the
samples to 632.11 cm�1. One can note that the TNT
structure was altered and peak shifts were observed
after carbon doping. This phenomenon can be
attributed to the difference in the stoichiometry of
TiO2, difference in the crystallite size, and the
existence of carbon in the crystalline structure
affecting peak positions due to electronic interac-
tions.92 For C-TNT (7:93) and C-TNT (33:67),
Raman peaks corresponding to the pure anatase
TiO2 phase were found. For the amorphous carbon
structure, the Raman spectrum is generally com-
posed of two peaks: the first in the range of 1320 to
1360 cm�1, called the D-band, and the second peak
ranging from 1500 to 1600 cm�1, called the G-band.
The D line appears due to the sp2 hybridized carbon
structure. The physical properties of amorphous
carbon films strongly depend on the ratio of these
two types of C–C bonds.87 The inset graph in Fig. 3
illustrates the magnified graph in the 900-100 cm�1

Fig. 3. Raman spectra of (a) TNT, (b) C-TNT (7:93), and C-TNT (33:67).
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range. For C-TNT (7:93) and C-TNT (33:67), the D
line of amorphous carbon was observed at 1374 and
1352, respectively. The G-band of C-TNT (7:93) and
the G-band of C-TNT (33:67) were detected at 1586
and 1589, respectively. For TNT, D and G peaks
corresponding to the amorphous carbon were not
detected. However, the intensity of amorphous
carbon peaks increased with the increasing amount
of carbon. The D and G peaks obtained for C (7:93)
were broad and the intensity was low due to the low
amount of carbon doping.87,92,93

XRD patterns of TNT and C-TNT (7:93) electrodes
are illustrated in Fig. 4a and b. Crystallographic
data revealed that TNT was amorphous just after
anodization, and thus there were no peaks confirm-
ing the structure in agreement with the Raman

spectra of TNT [35]. XRD and Raman results
revealed that TNT is amorphous. The XRD pattern
of the TNT sample exhibited a pattern with a broad
peak at nearly 25.31� related to the TNT anatase
(101) plane. For the C-doping of TNT, TNT was
inserted in a furnace and subjected to heat. Follow-
ing this, rapid structural evolution occurred during
the solid/liquid/vapor interaction.92,93 As observed
in the XRD spectra given in Fig. 4a, the crystalliza-
tion of the material occurred in anatase form and a
sharp peak was observed at 25.31�, related to the
(101) crystal face. From the XRD pattern of C-TNT
(7:93), peaks at 2h values of 25.31�, 37.84�, 48.08�,
53.96�, 54.98�, 62.64�, 68.75�, 70.18�, and 75.09� can
be ascribed to (101), (004), (200), (105), (211), (204),
(116), (200), and (215) planes, respectively, which

Fig. 4. (a) Evolution of the main anatase x-ray diffraction peak ((101) crystal face) during C-doping for TNT and C-TNT (7:93), (b) XRD pattern of
C-TNT (7:93).
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are characteristic of the anatase phase. The rela-
tively strong intensity of these peaks indicates good
crystallinity of C-TNT. For C-TNT, as was men-
tioned above, the diffraction peaks corresponding to
the pure anatase TiO2 phase were found, but other
phases assigned to carbon were not observed. This
phenomenon was attributed to the fact that carbon
content was low and had an amorphous structure.
As was mentioned previously, for C-TNT (7:93),
Raman spectra illustrated that D and G peaks
obtained for C (7:93) were broad and intensity was
low due to the low amount of carbon doping, in
agreement with the XRD results.92,93

Electrochemical Measurements

The photocatalytic activity of TNT, C-TNT
(33:67), and C-TNT (7:93) was examined by CV in
1 M KOH + 0.5 M GA solution in the dark and
under UV illumination. Figure 5a shows the cyclic
voltammograms of TNT, C-TNT (33:67), and C-
TNTs (7:93) in 1 M KOH solution under dark
conditions. According to these measurements, it is
clear that C-TNT (7:93) is more active at �0.8 V in
the hydrogen adsorption–desorption region. Fig-
ure 5b shows the cyclic voltammograms of TNT, C-
TNT (33:67), and C-TNT (7:93) in 1 M KOH solution
under UV illumination. C-TNT (7:93) exhibits sim-
ilar behavior under UV illumination as the

Fig. 5. Cyclic voltammograms of TNT, C-TNT (33:67), and C-TNT (7:93) in 1 M KOH solution at 100 mV s�1 (a) in the dark and (b) under UV
illumination, and (c) comparison of cyclic voltammograms on C-TNT (7:93) taken in the dark and under UV illumination.
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voltammograms taken in the dark. Figure 5c dis-
plays the comparison of the voltammograms taken
for C-TNT (7:93) in 1 M KOH solution in dark
conditions and under UV illumination. It is clear
that electro-oxidation increases under UV
illumination.

The photocatalytic activity of TNT, TNT-heated,
C-TNT (33:67), and C-TNT (7:93) was measured by
CV in 1 M KOH + 0.5 M GA solution in the dark
and under UV illumination. GAEO measurements
on TNT, C-TNT (33:67), and C-TNT (7:93) in the
dark and under UV illumination conditions at the
potential range of �0.8–0.8 V and at 100 mV s�1

scan rate are given in Fig. 6a and b, respectively.
Figure 6c displays the comparison of the voltammo-
grams taken for C-TNT (7:93) in 1 M KOH + 0.5 M

GA solution in dark conditions and under UV
illumination. C-TNT (7:93) has the highest specific
activity under UV illumination compared to TNT,
TNT heated, and C-TNT (33:67) 94–101 This result
shows that GAEO is enhanced by altering the
surface electronic structure and crystal properties
of TNT, called structure sensitivity. By carbon
doping on TNT, the surface electronic properties
and crystal structure of C-TNT (7:93) and (33:67)
were altered, as noted from XRD, Raman spectra,
and SEM results. On the other hand, GAEO reac-
tion activity is strongly enhanced under UV illumi-
nation on C-TNT (7:93), revealing that the GAEO
reaction is a UV-light-driven reaction.

Chronoamperometric measurements were per-
formed on TNT, C-TNT (33:67), and C-TNT (7:93)

Fig. 6. Cyclic voltammograms taken for TNT, TNT-heated, C-TNT (33:67), and C-TNT (7:93) in 1 M KOH + 0.5 M GA solution at 100 mV s�1 (a)
in the dark and (b) under UV illumination, and (c) comparison of cyclic voltammograms for C-TNT (7:93) taken in the dark and under UV
illumination.
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in 1 M KOH and 0.5 M GA solution at 0.6 V under
UV illumination. Figure 7 shows the chronoamper-
omograms of TNT, C-TNT (33:67), and C-TNT (7:93)
under UV illumination. Among these TNT-based
electrodes, C-TNT (7:93) exhibits better activity and
stability than the other electrodes. Furthermore,
the C-TNT (7:93) electrode reveals better activity
under UV illumination than that obtained in dark
conditions.

The EIS technique was used to investigate the
chemical and physical processes at the electrode
surface that control the activity of the catalyst.
Figure 8a shows the electrochemical impedance
behavior of C-TNT (7:93) recorded at different
potentials under UV illumination. The EIS results
indicate that the GA electro-oxidation on C-TNT
(7:93) at various potentials has different impedance
behaviors. The semicircle diameter of the impe-
dance spectra is equal to the electron transfer
resistance (Rct). The smallest Rct was obtained at
0.6 V for C-TNT (7:93). The large arc shown in
Fig. 8 exhibits the slow reaction rate of GAEO. This
slow kinetics are caused by COads blocking further
adsorption and dehydrogenation of GA. The
decrease in the arc diameter with increasing poten-
tial indicates that the charge transfer resistance of
the GA electro-oxidation reaction decreases. There
are only capacitive behaviors from the double layer
charge in the impedance plots at low potentials.3,4

EIS measurements of TNT, C-TNT (33:67), and C-
TNT (7:93) electrodes and Nyquist plots for GAEO

under UV illumination are given in Fig. 8b, which
shows that the resistance values for of TNT, C-TNT
(33:67), and C-TNT (7:93) electrodes at 0.6 V Rct

were obtained in the following order: C-TNT
(7:93)< C-TNT (33:67)< TNT. As mentioned
above, the smallest arc is related to the fast
oxidation kinetics of GAEO.94–101 Thus, it is noted
that the C-TNT (7:93) electrode exhibits the best
GAEO performance in the dark and under UV
illumination. In this context, these EIS results are
in agreement with results obtained from CV and CA
both in the dark and under UV illumination.

CONCLUSION

Herein, TNT was prepared by the anodization
method, and carbon doping on TNT was performed
in a tubular oven employing two different 15 cm3/
min total flow rates with varying compositions of
C2H2 and Ar as VC2H2/Ar = 7/93 (1 cm3/min C2H2 +
14 cm3/min Ar) for C-TNT (7:93) and VC2H2/Ar = 33/

67 (5 cm3/min C2H2 + 10 cm3/min Ar) for C-TNT
(33:67). These TNT, C-TNT (7:93), and C-TNT
(33:67) electrode materials were employed as anode
materials to investigate their photocatalytic GAEO
activity. The materials were characterized by XRD,
Raman spectroscopy, and SEM. SEM images
revealed that the TNT structure formed as a result
of anodization. XRD and Raman results showed
broad peaks for the TNT sample assigned to the Ti–
O bending and Ti–O stretching vibrations, revealing
that TNT was amorphous. For C-TNT (7:93) and C-
TNT (33:67) samples, relatively strong intensity of
these peaks indicated good crystallinity of C-TNT.
Raman peak shifts were also ascribed to the surface
electronic change. By carbon doping of TNT, the
surface electronic properties and crystal structure of
C-TNT (7:93) and C-TNT (33:67) were altered, as
noted from XRD, Raman, and SEM results. Photo-
catalytic GAEO measurements were performed on
TNT, C-TNT (7:93), and C-TNT (33:67). GAEO
measurements revealed that C-TNT (7:93) had the
highest catalytic activity and stability in the dark
and under UV illumination. The C-TNT (7:93)
electrode exhibited enhanced electro-catalytic activ-
ity under UV illumination compared to that mea-
sured in dark conditions. This result indicates that
GAEO is enhanced for C-TNT (7:93) by altering the
surface electronic structure and crystal properties of
TNT, called structure sensitivity. The enhanced
photocatalytic activity of the electrode could be
related to structure sensitivity. This electrode pro-
duction method is promising for the design of
photocatalytic DGFC materials.

Fig. 7. Chronoamperomograms taken on TNT, C-TNT (33:67), and
C-TNT (7:93) at 0.6 V in 1 M KOH + 0.5 M GA solution under UV
illumination.
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