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Abstract

In this study, the degradation of Methylene Blue (MB) dye accompanied with the reduction of CO2 was performed
in an electrochemical (EC) process by using carbon nanotubes grown on carbon fiber (CNTs/CFM) electrodes as the
cathode and anode in a two-compartment electrochemical cell. The growth of CNTs on CFM via chemical vapor
deposition led to the significant improvement in physicochemical properties of CNTs/CFM which were beneficial for
the EC process. The effects of various operating parameters including supporting electrolytes (KHCO3 and H2SO4),
initial concentration of MB (5, 10, 15 and 20 mg L− 1) and applied currents (10, 50 and 100 mA) on the degradation
of MB were investigated. The results confirmed the vital influence of applied current and initial concentration of MB
while the supporting electrolytes played a minor role in MB degradation. On the contrary, the influence of
electrolytes in the performance of CO2 reduction was more significant on the production and selectivity of
generated products. The optimal electrochemical system included 0.1 M KHCO3 as the electrolyte and an applied
current of 50 mA in anodic cell and CO2 saturated solution in cathodic cell; such a system resulted in the EC
degradation efficiency of 72% at the MB initial concentration of 10 mg L− 1 in the anodic cell and production of 4.7
mM cm− 2 CO, 67 mM cm− 2 H2, and 11.3 mg L− 1 oxalic acid in the cathodic cell corresponding to the Faradaic
efficiencies of 28, 40 and 4%, respectively. The results of reusability test deduced that the stability of CNTs/CFM was
still satisfactory after 4 runs. The results of this study demonstrated the good applicability of CNTs/CFM to be
simultaneously used the electrodes for the EC oxidation of dye and the EC reduction of CO2 to obtain valuable
compounds.
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1 Introduction
Rapid increases in the global population over the last
few decades and the concomitant surge in human activ-
ities have induced great pressures on the environment,
especially in terms of water quality. The presence of re-
fractory organic compounds or harmful substances, such
as dyes and pigments, in wastewater may cause harm to

the environment. It is estimated that 700 kt of dyes per
year are produced for various industries, and used in
textiles, food and beverage processing, leather dyeing,
plastic and rubber dyeing, and printing processes [1], in
which the textile contributes the highest proportion (i.e.,
up to 54%) of dye effluent [2]. Typically, one ton of tex-
tile approximately consumes 21–377 m3 of water and
discharge the huge amount of dye-containing wastewater
to the receiving water body, in which 42% of the con-
stituent is refractory for the conventional wastewater
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treatment processes [3]. The extensive use of dyes and
ineffective treatment processes for dye-containing waste-
water have resulted in the detection of dye residues in
water bodies and a series of environmental issues,
including water eutrophication, low light penetration,
dissolved oxygen depletion, and chemical toxicity, all of
which exert detrimental impacts to the aquatic ecosys-
tem and humans. Methylene Blue (MB) is a common
heterocyclic dye used in many industries. Although nu-
merous efforts to degrade dyes prior to their disposal
have been made, conventional wastewater treatment
processes are unable to treat MB and other dye
compounds sufficiently on account of their complex
structures [4]. It is reported that the less color removal
efficiency of 67% was obtained via an anaerobic-aerobic
biological system [5]. The advanced oxidation processes
(AOPs) with ozone, Fenton reagent, and several other
approaches show high efficiency for degrading these re-
fractory compounds. Nevertheless, they generally feature
some disadvantages, including high cost, waste gener-
ation, toxic by-products formation, and elaborate operat-
ing procedures [3].
New AOPs based on electrochemical technology have

recently been proposed as effective and green solutions
to treat refractory organic compounds. Fernandes et al.
[6] and Sakalis et al. [7] reported that the efficient deg-
radation of dye by electrochemical (EC) oxidation
process, of which the results indicated that over 90% of
COD removal and 94% of dye elimination were achieved.
These methods are based on the EC generation of react-
ive oxygen species (ROS), which are powerful oxidizing
agents that can mineralize organics to carbon dioxide
(CO2) [8]. EC oxidation is considered an economical,
safe, and green technology for wastewater treatment be-
cause it generates ROS on an active electrode surface
under low temperatures, consumes small amounts of en-
ergy, and produces minimal waste. Therefore, EC oxida-
tion has been applied for the removal of large groups of
organic compounds [9].
EC reduction of CO2 into valuable chemicals is

regarded as an innovative approach to reduce green-
house gas emissions. Various target products may be ob-
tained from the CO2 reduction reaction (CO2RR)
depending on the electron transfer mechanism and op-
erating conditions applied. In general, the main products
generated during the CO2RR are C1 compounds (e.g.,
carbon monoxide [10], formic acid, and methanol [11])
or C2 compounds (e.g., ethanol [12], acetate, and ethyl-
ene [13]). The hydrogen evolution reaction, which is a
side reaction of the EC reduction process in aqueous so-
lution, also leads to the generation of hydrogen (H2),
which, in combination with carbon monoxide (CO), may
be used as a gaseous fuel for syngas [14] or feedstock for
methanol synthesis via the Fischer–Tropsch process

[15]. Most of these products are high energy-containing
products.
Electrode materials are well known to play a signifi-

cant role in the oxidation/reduction process. Reactive
electrodes for oxidation/reduction should possess not
only high electro catalytic activity to degrade organics or
to obtain the desired products from the CO2RR but also
low activity for side reactions, such as the oxygen evolu-
tion reaction (OER)/hydrogen evolution reaction (HER)
[16]. A considerable number of studies on the develop-
ment of novel electrodes based on noble metals, metal
oxides, dimensionally stable anodes, and boron-doped
diamond [15, 16], among others, have been introduced.
However, most of the proposed strategies suffer from
the drawbacks of high cost, complicated synthesis
procedures, and short service lives; some of the
electrodes obtained may even release toxic substances to
the environment [17].
Carbon-derived materials have attracted great interest

from the academic community on account of their inex-
pensive and abundant resources, physicochemical stabil-
ity, and wide potential window [18]. However, pristine
carbon materials, such as activated carbon and carbon
fiber (CF), are seldom employed as reactive electrodes
because of their electrochemical inertness, low oxygen
evolution potential, and oxidant generation inefficiency
[19]. Indeed, these challenges were illustrated in previ-
ous reports on the EC oxidation/reduction of Amaranth
azo dye using activated CF and the EC oxidation of
amoxicillin with CF and carbon graphite [20]. Relatively
low decolorization efficiency of 54% and COD removal
of 74% were also recorded [21] by using activated CF
electrode. The disadvantages of these materials ascribed
to the disordered structure of amorphous carbons.
Pristine carbon electrodes are also ineffective for EC
reduction of CO2 because CO2 may not be activated by
neutral carbon atoms [19]. Previous reports revealed that
the electronic properties of carbon can be significantly
improved by converting raw carbon into nanostructured
materials [22]. In particular, carbon nanotubes (CNTs)
exhibit high electrical conductivity, large surface areas,
high chemical stability, and strong efficiency for CO2 re-
duction and organics oxidation. The high specific surface
area and excellent electronic properties of CNTs provide
numerous active sites that could promote electron trans-
fer during the electrochemical reaction. Hydrophobic
CNTs are also favorable materials for the adsorption of
aromatic pollutants and CO2 on the surface of electrodes
because they can enhance the efficiency of redox
reactions.
To the best of our knowledge, although a great

number of studies have evaluated the EC oxidation of
organics and reduction of CO2, reports on the use of
CNTs as electrodes in these processes are relatively
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scarce. Furthermore, fewer studies discuss about the
simultaneous oxidation of organics and reduction of
CO2 in a two-compartment cell. Thus, in the present
work, we investigated the EC oxidation of MB and
accompanied with the reduction of CO2 in a two-
compartment cell by using CNTs grown on carbon fiber
(CNTs/CFM) electrodes. The effects of key operating pa-
rameters, such as the electrode materials, initial concen-
trations of MB, supporting electrolytes and applied
currents were also evaluated. Finally, the degradation ef-
ficiency of MB, the reduction of CO2, and the generation
of H2 and other products were monitored.

2 Experimental design
2.1 Synthesis and characterization of CNTs/CFM
The chemical vapor deposition (CVD) method was
adopted to grow CNTs on CF. First, pristine CF (190 ×
190 mm, ElectroChem, USA) was coated with titanium
(Ti) of 75 nm and nickel (Ni) of 15 nm via E-Gun Evap-
oration System (ULVAC Technologies, USA); The Ti
and Ni coated CF was designated CFM. Next, the CFM
was cut into sheets measuring 30 × 10mm and then
placed in the quartz chamber of a CVD reactor (Jyi-
Goang, Enterprise Co. Taiwan) to grow the CNTs as fol-
lows. The chamber was flushed with 259 mLmin− 1

argon (Ar) at a heating rate of 72.5 Kmin− 1 until the
temperature of 1023 K was reached. Next, of 126 mL
min− 1 Ar and 70mLmin− 1 ammonia (NH3) were simul-
taneously injected into the chamber for 10 min at 1023
K. Then, 193 mLmin− 1 Ar, 32 mLmin− 1 NH3, and 11
mLmin− 1 acetylene (C2H2) were used to grow CNTs on
the CFM over a period of 25 min at a fixed temperature
of 1023 K. Finally, the chamber was naturally cooled to
room temperature, and the resultant material (CNTs/
CFM) was collected for further analysis. All flow rates

were controlled by a mass controller (5850E, Brooks).
The morphology and graphitization degree of the ob-
tained material were characterized by field emission
scanning electron microscopy (FE-SEM, JSM-7800F,
JEOL), transmission electron microscopy (TEM, JEM-
2100, JEOL), and Raman microscopy (DXR3, Thermo
Scientific).

2.2 Electrochemical system
The galvanostatic experiments were conducted at a
temperature of 298 K in a two-compartment cell sepa-
rated by a proton exchange membrane (Nafion 212,
Dupont). The system was operated in batch mode with a
solution volume of 100mL per cell under magnetic stir-
ring at 300 rpm. The cathodic cell was saturated with
high-purity CO2 gas prior to the electrochemical experi-
ments, while the anodic cell was filled with MB solution
at various initial concentrations. A three-electrode sys-
tem was used to conduct the degradation experiments;
here, the synthesized CNTs/CFM was adopted as the
cathode for all experiments; CF, CFM, and CNTs/CFM
were investigated as anodes; and Ag/AgCl (saturated
with 3.0M KCl solution) served as the reference
electrode. The electrode current was controlled by an
electrochemical analyzer (627D, CH Instruments, USA).
The CVD and electrochemical systems adopted in this
study are shown in Figs. 1 and 2, respectively.

2.3 Electrochemical oxidation and reduction
All of the chemicals used in this study were of reagent
grade and applied without further purification. Two
electrolytes, namely, 0.1M KHCO3 (99%, Alfa Aesar)
and 0.1 M H2SO4 (95–97%, Honeywell) were employed
to explore the effect of the supporting electrolyte on the
oxidation of MB (reagent grade, Merck) and reduction

Fig. 1 Schematic diagram of the chemical vapor deposition apparatus employed in this study
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of CO2 (99.9%, Nini Air Co., Taiwan). CO2 saturation of
the cathodic cell was conducted by purging with high-
purity CO2 gas at a rate of 50 mLmin− 1 for 30 min prior
to initiation of the EC reactions. The experiments were
conducted under various electrolytes and applied cur-
rents (10, 50, and 100 mA), and samples were withdrawn
at designated time intervals. The concentrations of CH4,
CO, and H2 in gaseous samples were determined by a
gas chromatograph equipped with a thermal conductiv-
ity detector (GC/TCD; G3440B, Agilent Technologies,
Palo Alto, CA, USA), and the concentration of oxalic
acid in liquid samples was assessed by a high-
performance liquid chromatograph (HPLC; LC-20AT,
Shimadzu, Japan) with a UV/Vis detector (SPD-20, Shi-
madzu). The columns used for the GC/TCD and HPLC/
UV analyses were a Mol Sieve 5A Plot column and an
Acclaim™ Organic Acid column, respectively. The carrier
gas for H2 and CO was nitrogen, and the carrier gas for
CH4 was helium (99.9%). The gases were purified by a
renewable gas purification system (G3440–60003,
Agilent Technologies) prior to their injection into the
main column. Liquid samples were passed through a
0.45 μm filter prior to analysis. The MB concentration in
the EC system was measured at various time intervals by
a UV-Vis spectrophotometer (S-3150, Scinco) with a
photodiode array detector at a wavelength of 655 nm.
All experiments were repeated twice to ensure their

reproducibility for quality assurance and control. The
UV-Vis absorption spectrum of MB and its calibration
curve are illustrated in Fig. S1.

3 Results and discussion
3.1 Characteristics of the obtained electrodes
The morphologies of CFM and CNTs/CFM are illustrated
in Fig. 3. Figure 3a indicates that the average diameter of
carbon fibers is around 7.7 μm. Minimal differences in
appearance were noted between CF and CFM (as shown
in Fig. S2a and S2b) because the Ti and Ni nanoparticles
attached to the former are relatively small. SEM-EDX
mapping of CFM was conducted to confirm the presence
of metallic nanoparticles, as shown in Figs. 3b−d. The
results revealed that Ti and Ni nanoparticles were well
distributed on the surface of CF and respectively
accounted for approximately 1.6 and 0.5 wt%, respect-
ively. Such a tiny amount of Ti and Ni nanoparticles fa-
cilitated the growth of CNTs over the CFM layer during
the CVD process. Figure 3e indicates that CNTs were
grown randomly and thickly on the CFM surface. The di-
ameters of the grown CNTs are less than 100 nm. The
arrays of dense CNTs almost covered the whole external
area of CFM leading to the significant increase of specific
area of the electrode, as illustrated in Fig. 3f. To further
characterize the micro-morphology of CNTs/CFM, TEM
analysis was also carried out and illustrated in Fig. 3g

Fig. 2 Schematic diagram of the electrochemical system used in the experiments
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and h. The images show the rope-like shapes of
CNTs with the hollow internal structure which create
the ultrahigh surface-to-volume ratio of the CNTs/
CFM. The nanoscale structures of the CNTs could
provide abundant active sites, improve the adsorption
of target compounds on the electrode surface, and
enhance the electronic conductivity of the electrode,
which facilitates the rapid transport of electrons
through the electrolyte/electrode interface during
electrolysis.
Raman spectroscopy was employed to characterize the

graphitic structure of the carbon materials and investigate
the quality of the CNTs grown on CFM further [23]. The
ratio of the peak intensities of the D (ID) and G (IG) bands
is a good indicator of the quality of graphitization [24].
Figure 4 illustrates the Raman spectra of CFM and CNTs/
CFM, both of which are graphite-like materials. The spec-
tra of both samples revealed the peaks of the D and G
bands at wavenumbers of 1310 and 1580 cm− 1, respect-
ively, which were also represented the sp3 and sp2 bonds,
respectively. The greater value of ID reflects the domin-
ance of the amorphous structure of carbon over the
graphite structure in both samples in this study. The ID/IG
ratios of CFM and CNTs/CFM were 1.68 and 1.45, respect-
ively, which confirms the lower ratio of ID/IG of CNTs/
CFM compared with that of CFM and demonstrates the
enhanced graphitization of CNTs/CFM due to the growth
of CNTs on CFM. Furthermore, the hybridization of sp2/
sp3 provides the greater physicochemical strength for the
material due to the strong bond of sp2. The weight of
CFM before and after CNTs growth was determined to in-
vestigate the weight percentage of CNTs in the composite.
The weight of CFM increased by 0.086 wt% after the

growth of CNTs. Although the disordered carbon struc-
ture dominates CFM and CNTs/CFM, CNTs growth on
the surface of the former clearly promotes the
graphitization and purity of the latter. These results are in
agreement with the FE- SEM analysis.

3.2 Electrochemical degradation of MB
3.2.1 The effect of various electrodes on the electrochemical
degradation of MB
The presence of metallic nanoparticles on the CNTs could
provide catalytic support to CFM. Although the metallic
nanoparticles observed on CFM comprised a relatively low
weight percentage of the total material, the former may still
function as electrocatalysts in the EC process. Therefore,
raw CF, CFM, and CNTs/CFM were used as anodes to in-
vestigate the effects of Ti and Ni on the EC degradation of
MB, as shown in Fig. 5. The EC degradation efficiencies of
MB with raw CF, CFM and CNTs/CFM in solution after 3 h
were approximately 25, 29, and 66%, respectively. The
decay of MB could be attributed to direct electron transfer
(i.e., direct oxidation) on the surface of the anode under an
electric field. The comparison of the degradation efficien-
cies of MB with CF and CFM indicated that the metallic
nanoparticles did not exert a remarkable effect on the elec-
tronic properties of raw CF, and the degradation efficiency
of MB increased by only 4% after the nanoparticles were
coated on the CF. By contrast, CNTs/CFM showed a great
increase in MB degradation efficiency, thus confirming the
important role of CNTs in EC degradation. This find-
ing may be attributed to the large specific area and
spacious nano-channels on the surface of the CNTs,
which promote the adsorption, and mass transfer of
MB onto the electrode surface. The excellent

Fig. 3 A SEM image of CFM, B elemental EDX mapping of Ti in CFM, C elemental EDX mapping of Ni in CFM, D EDX spectrum of CFM, E and F
CNTs/CFM, G and H TEM image of CNTs/CFM
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electrical conductivity of the highly graphitized struc-
ture of CNTs could also enhance the exchange and
transport of electrons. These synergistic effects led to
significant increases in the oxidation performance of
the resultant electrode for MB degradation.

3.2.2 The role of applied current on the electrochemical
degradation of MB
The mechanism of the EC oxidation of MB is illustrated
in Eqs. (1) and (2) and Fig. 6. MB degradation typically
occurs on the surface of anodic CNTs/CFM via the

Fig. 5 Electrochemical degradation efficiencies of MB with various anodic electrode materials in solution under an applied current of 50 mA,
electrolyte of 0.1 M H2SO4, initial MB concentration of 10 mg L− 1, initial pH value of the solution of 1.83 and cathode of CNTs/CFM. Δ: CNTs/CFM;
□: CFM; ○: CF

Fig. 4 Raman spectra of CFM and CNTs/CFM
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generation of hydroxyl radicals (OH·). The efficiency of
this process may strongly depend on applied current and
supporting electrolytes. Thus, the effects of these param-
eters were investigated further, and the pseudo-first-
order kinetic model was employed to define the degrad-
ation kinetics of MB under various conditions, as shown
in Eqs. (3) and (4).

CNTs=CFM þH2Oads→CNTs=CFM OH•ð Þads þHþ þ e‐

ð1Þ
CNTs=CFM OH•ð Þads þMB→CNTs=CFM þMBP ð2Þ

where MBP represents the oxidation by-products of MB.

−d C½ �
dt

¼ kobs � C½ � ð3Þ

ln
MB½ �0
MB½ � ¼ kobs � t;with t ¼ 0; C½ � ¼ MB½ �0; t ¼ t; C½ � ¼ MB½ �

ð4Þ
where [C] is the concentration of the target compound; t
is the reaction time, h; and kobs is the rate constant, h− 1.
The effects of the applied current and electrolyte on

the EC degradation efficiency of MB were investigated,
as shown in Fig. 7. The results revealed that the applied
current plays a key role in the degradation efficiency of
MB. An increase in the applied current obviously re-
sulted in improvements in oxidation efficiency with both
supporting electrolytes. Specifically, the MB degradation
efficiency of electrochemical systems with KHCO3 and

H2SO4 as electrolytes increased from 56 to 72% and
from 66 to 73%, respectively, when the applied current
was raised from 10mA to 50 mA. Increases in the ap-
plied current may help enhance the EC generation of
OH·, resulting in improved MB degradation efficiency.
This finding agrees with the results of previous studies
[25] in which the degradation efficiency increased with
increasing applied current when a graphite electrode and
a CNTs-modified activated carbon electrode were used
for the removal of phenol and Methyl Orange, respect-
ively. However, when the current was increased to 100
mA, the degradation efficiency of the electrochemical
system decreased to values between those obtained at 10
and 50mA in KHCO3 and less than that obtained of 10
mA in H2SO4. This behavior may be due to a higher
current increasing the occurrence of the OER, which
leads to a decrease in the current efficiency for the
desired reactions [26]. The adsorptive ability and electro-
catalytic activity of the electrodes could also be influ-
enced by the by-products generated from decomposition
reactions and gases generated from the OER under high
applied currents because these substances restrict mass
transport [27]. The rapid and massive formation of O2

from the OER not only reduces the diffusion of MB to-
ward the electrode surface via competitive adsorption
but also increases the internal pressure within the
CNTs/CFM structure. The extensive generation of O2

and ROS may detach CNTs from the CFM substrate and
reduce the activity and stability of the electrode. Thus,
the greater likelihood of the OER, by-products arising

Fig. 6 Schematic diagram of the simultaneous electrochemical oxidation of MB and electrochemical reduction of CO2
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Fig. 7 Electrochemical degradation efficiency of MB in solution by using CNTs/CFM as both cathode and anode under various electrolytes and
applied currents of A 10, B 50, and C 100mA. □: 0.1 M KHCO3; Δ: 0.1 M H2SO4. Initial MB concentration of 10 mg L− 1, initial pH value of the
solution of 8.19 and 1.83 for 0.1 M KHCO3 and 0.1 M H2SO4, respectively
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from decomposition reactions and deterioration of the
electrode quality render an applied current of 100 mA
unfavorable for the EC degradation of MB in solution.
The same phenomenon was reported in a previous study
[28], which reported that the surface of the electrode is
blocked by the coverage of insoluble polymeric products
that are relatively slowly oxidized or desorbed when
electrolysis with a glassy carbon electrode is conducted
at high current densities. Comparison of the effect of
KHCO3 and H2SO4 on the MB degradation efficiency
revealed that MB is degraded more effectively at low ap-
plied currents when H2SO4 is used as an electrolyte than
when KHCO3 is employed. Maximum degradation effi-
ciencies of 72 and 73% were respectively obtained under
an applied current of 50 mA in EC systems containing
KHCO3 and H2SO4 as electrolytes. The pH of the elec-
trolyte is another important parameter that may influ-
ence the performance of an electrochemical system.
Many reports have proposed that the oxidation process
is promoted in acidic electrolytes [29]. The presence of
H2SO4 may inhibit the OER reaction, which typically
causes detrimental effects on the generation of ROS via
the consumption of OH· radicals. Therefore, more OH·
radicals are generated on the surface of the electrode to
facilitate the degradation reaction in acidic conditions
than in basic or neutral conditions. This result is in
agreement with an earlier report [30].
The experimental data were collected over a reaction

time of 3 h to calculate the corresponding rate constants,
as illustrated in Table 1. Comparison of the degradation
efficiencies of MB obtained in KHCO3 and H2SO4

indicated that the use of the latter as a supporting
electrolyte could achieve higher degradation efficien-
cies under applied currents of 10 and 50 mA. This
result indicates that MB oxidation is favorable in
acidic medium. However, among the conditions sur-
veyed in this study, the highest kobs (0.51 h− 1) were
obtained in the system in which 0.1 M KHCO3 as
the electrolyte and 50 mA as the applied current was
employed.

3.2.3 Effect of initial concentration of MB on the efficiency
of electrochemical degradation
The effect of the initial concentrations of MB on EC
degradation efficiency during the EC process was con-
ducted to simulate the treatment of various concentra-
tion of dye-containing wastewaters. The investigation of
EC degradation of MB at initial concentrations of 5, 10,
15 and 20 mg L− 1 were examined, as shown in Fig. 8. It
can be clearly observed that the higher initial concentra-
tion, the lower EC degradation efficiency. At the low
concentration of 5 mg L− 1, the degradation of MB
reached to the removal efficiency of 100% after 3-h reac-
tion time. However, the further increase of initial con-
centration of MB, the degradation efficiencies of MB
dropped to approximate 75, 54, and 32% for 10, 15 and
20mg L− 1, respectively. This phenomenon can be attrib-
uted to the competition of more MB molecules in solu-
tion for the fixed amount of ROS generated under the
same conditions. Furthermore, the EC degradation of
MB also led to the generation of numerous byproducts,
which may compete with their pristine MB so as to re-
duce the degradation efficiency of the parent compound
of MB. In addition, it is possible that the adsorption of
intermediates on the microstructure of CNTs/CFM may
not only hinder the generation of OH· radicals but also
reduce the effectiveness of the mass transfer process at
high MB concentrations. Consequently, the reduction of
the reactivity of electrode and the degradation efficiency
is expected in the high MB concentration system.

3.2.4 Stability test of CNTs/CFM electrode
The stability and reusability of the electrode in EC
process are critical for the practical applicability and
feasibility. Thus, the stability test of CNTs/CFM elec-
trode was carried out toward the degradation of MB for
4 runs under optimum operating conditions. After each
run, the electrode was rinsed with DI water, dried in an
oven at the temperature of 65 °C in 15min and then
ready for use. Figure 9 shows the degradation efficiency
of MB by the anode of CNTs/CFM for 4-run EC

Table 1 Rate constants of the pseudo-first-order equation obtained under various electrochemical oxidation conditions

Applied Current, mA Degradation efficiency, % kobs, h
− 1 Correlation coefficient (r2)

Electrolyte of 0.1 M KHCO3 (for both cathodic and anodic cells), initial pH of 8.19

10 56 0.29 0.9907

50 72 0.51 0.9688

100 59 0.36 0.9455

Electrolyte of 0.1 M H2SO4 (for both cathodic and anodic cells), initial pH of 1.83

10 66 0.26 0.9876

50 73 0.46 0.9960

100 50 0.39 0.9866
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oxidations. It can be observed that the oxidation per-
formance of electrode showed negligible change in the
first two runs. The third and fourth runs resulted in the
slight reduction of efficiency, in which the degradation
efficiencies were 68 and 64%, respectively. This result

confirmed the good stability of CNTs/CFM in EC
process in the experimental range. The loss of partial ac-
tivity of electrode can be attributed to the adsorption
of degradation byproducts on the nanostructure of
electrode, which gradually reduced the mass transfer

Fig. 8 Effect of initial concentration of MB on the efficiency of electrochemical degradation by using CNTs/CFM as both cathode and anode
under an applied current of 50 mA and electrolyte of 0.1 M H2SO4 (initial pH value of 1.83). Initial MB concentration of △: 5 mg L− 1; ◇: 10 mg L− 1;
▢: 15 mg L− 1 and ○: 20 mg L− 1

Fig. 9 Stability test of CNTs/CFM electrode via the repeating experiment of electrochemical degradation of MB by using CNTs/CFM as both
cathode and anode under an applied current of 50 mA and electrolyte of 0.1 M H2SO4 (initial pH value of 1.83). Initial MB concentration
of 10 mg L− 1
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of MB to CNTs surface and hinder the generation of
ROS. To overcome the disadvantage resulted from
byproducts, a thermal treatment of electrode was
probably needed [31].

3.3 CO2 reduction and production of by-products
As the EC oxidation of MB in anodic cell, simultan-
eously, the CO2RR and generation of by-products in the
cathodic cell were investigated under an applied current
of 50 mA. The CO and H2 obtained from the reduction
of CO2 and electrolysis of H2O were determined, as
shown in Fig. 10a, b, and Table 2. In general, the effi-
ciency of CO2RR is typically related to the concentration
of CO2, proton (H+), and their adsorption on electrode
surface. The high conductivity of graphitic structure of
CNTs on CNTs/CFM promotes the transfer of electrons
and the reduction of H+. As can be seen in Fig. 10a, the
formation of CO increased in cathodic cells containing
0.1M KHCO3 and 0.1M H2SO4 as electrolytes over the
process of EC reduction. Moreover, the KHCO3 system
performed better than the H2SO4 system, which indi-
cates that KHCO3 as an electrolyte is more favorable for
CO generation than H2SO4. The nature of the electro-
lyte may alter the electrochemical properties of the elec-
trode surface and induce a shift in the onset potential
for the CO2RR. This finding may be attributed to the ad-
sorption of HCO3

− on CNTs/CFM, which promotes the
formation of CO, and is in agreement with the findings
of Verma et al. [32]. On the other hand, the HER typic-
ally occurs on the cathode surface in the presence of a
high concentration of H+ and could compete with the
CO2RR. KHCO3 may play the role of confining OH−

and establishing alkaline gradient surrounding electrode
surface and then to reduce the availability of H+ and in-
crease the local concentration of CO2. Therefore, the ac-
tive sites of the electrode for the conversion of CO2 to
CO was remained and the efficiency of HER was re-
duced. The yield of CO after 3-h reaction time in EC
systems containing H2SO4 and KHCO3 as electrolytes
were 3.4 and 4.7 mM cm− 2 corresponding to the faradaic
efficiencies of 21 and 28%, respectively; these values are
much greater than those obtained from a Cu cathodic
electrode (15 μMcm− 2) and Cu-coated Cu nanoparticles
(21 μMcm− 2) under an applied potential of − 0.99 V
[25]. The faradaic efficiencies of CO obtained from
CNTs/CFM in this study are also higher than that (i.e.,
3.5%) obtained from a CNTs coated carbon paper elec-
trode [33]. This result may be attributed to the large ac-
tive area of CNTs on CNTs/CFM as compared with the
bulk electrode, which led to significant enhancements in
CO production. Furthermore, the cations of electrolytes
have been demonstrated to possess important effects on
the nature and amount of products generated from dif-
ferent electrodes [34, 35]. The bigger size of cation

seems to be easily adsorbed on the cathode surface,
which subsequently induces the change in electronic
properties of electrode [36]. Due to the higher atomic
radius of K+ (1.33 Ȧ) as compared with H+ (0.53 Ȧ) dis-
sociated from H2SO4, the lower outer Helmholtz plane
(OHP) potential of CNTs/CFM was achieved, and then
contributed to the improvement of faradaic efficiency
for CO generation.
Figure 10b illustrates the amount of H2 generated by the

use of different electrolytes. H2 evolution increased with in-
creasing reaction time under both supporting electrolytes,
although KHCO3 could achieve more extensive H2 gener-
ation than H2SO4 under identical conditions. The max-
imum H2 production obtained in H2SO4 and KHCO3

systems were 60 and 67mMcm− 2, respectively, which cor-
respond to 37 and 40% of faradaic efficiencies; these values
are 16- and 18-fold greater in comparison with the H2 pro-
duction rate achieved by a Pt/TiO2/CdS/CdSe/PEDOT
electrode fabricated for photocatalytic hydrogen production
[37]. The high production of H2 can be attributed to the
limit transportation of CO2 and lower reduction potential,
despite the high concentration of CO2 in the solution. CO2

is typically adsorbed on the external surface of electrodes
while H+ has greater mobility to access more active sites on
the internal surface; as the result, more electrons were con-
sumed by HER so as to increase the production of H2. The
results are consisted with a previous report [33].
The organic products investigated in this study included

formic acid, oxalic acid, methanol, and ethanol; of these,
only oxalic acid was found in the samples. The generation
of oxalic acid is illustrated in Fig. 10c. This by-product
was generated and increased with the reaction time in sys-
tems containing H2SO4 and KHCO3 as supporting elec-
trolytes. When KHCO3 was adopted as the supporting
electrolyte, the production of oxalic acid dramatically in-
creased with the reaction time and peaked at 11.3mg L− 1

after 3 h; this production rate is approximately two times
greater than that obtained when H2SO4 was used as the
electrolyte. Moreover, the oxalic acid production rate ob-
tained in this work was 53-fold greater than that obtained
in the photocatalytic reduction of CO2 in water by using
TiO2 nano particles as a catalyst [38]. As mentioned earl-
ier, the cation of the electrolyte could influence the pro-
duction yield and selectivity of the CO2RR via the
alternative the OHP potential of electrode. The hydrolysis
of water molecules could also result in the formation of a
hydration shell around K+ in the vicinity of the electrocat-
alytic surface, which facilitates the interaction of adsorbed
intermediates on the CNTs surface, where K+ acts as a
catalytic promotor for hydrocarbons. In contrast to the re-
sults obtained in this study, oxalic acid was not detected
by Kaneco et al. [39], who conducted the EC reduction of
CO2 in KOH–methanol electrolyte with an Ag cathode.
Our results also differ considerably from a previous report
[40] in which formic acid was obtained as the major liquid
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Fig. 10 Electrochemical generation of A CO B H2 and C oxalic acid by using CNTs/CFM as both cathode and anode under an applied current of
50 mA in various electrolytes. Initial pH values of the solutions are 1.86 and 8.22 for 0.1 M H2SO4 and 0.1 M KHCO3, respectively
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product following CO2 reduction by using a metal elec-
trode in KHCO3 electrolyte. Therefore, the selectivity of
by-products in the CO2 reduction process is not only
influenced by the electrode material but also the electro-
lyte properties. Considering the Faradaic efficiencies for
CO2RR obtained in this study, KHCO3 possesses not only
better ability to convert CO2 to CO and oxalic acid but
also exhibits greater production of HER as compared with
H2SO4, in which the total faradaic efficiencies were re-
corded at 72 and 60%, respectively.

4 Conclusions
In the present study, the CNTs/CFM electrode has been
successfully synthesized by CVD method. The simultan-
eous EC oxidation of MB and the reduction of CO2

using CNTs/CFM in a two-compartment cell have been
studied. The importance of process parameters such as
electrode materials, initial concentration of MB, applied
current and the supporting electrolytes on the degrad-
ation of MB was also analyzed. The results confirm the
superior physicochemical property of CNTs/CFM due to
the growth of CNTs. Applied current is demonstrated as
one of the most important factors due to its direct effect
on the generation of ROS as well as adsorptive proper-
ties and the stability of the electrode. The favorable ap-
plied current in this study is in the range of 10–50mA;
a higher current of 100 mA can result in the deterior-
ation of the electrode. The maximum MB degradation
efficiency of 100% can be achieved at an initial concen-
tration of 5 mg L− 1 under an applied current of 50 mA.
The degradation efficiency is inhibited due to the exces-
sive MB per reactive species and the competition of gen-
erated by-products. The supporting electrolyte exhibits
the minor effect on the EC oxidation performance. The
stability test of CNTs/CFM confirms the good reusability
of the electrode, and the decay of degradation perform-
ance is approximate 10% after the fourth run.
With respect to EC reduction of CO2, the electrode of

CNTs/CFM exhibits good catalytic properties for the
conversion of CO2 into CO, oxalic acid and the produc-
tion of H2. The high activity of CNTs/CFM for CO2RR is
attributed to the great specific area of CNTs which cre-
ates the remarkable active sites for reduction reaction.
The increase of graphitic structure over amorphous of
electrode provides the high electrical conductivity so as
to the transfer of electron is significantly enhanced.
Compared with the influence of electrolyte sort on EC
oxidation, the effect of electrolytes on CO2RR is

relatively significant. The highest Faradaic efficiency of
72% was obtained for KHCO3 electrolyte at such a low
applied current of 50 mA, corresponding to the faradaic
efficiency of CO (28%), H2 (40%) and oxalic acid (4%).
The results confirm coupling CO2RR with the EC oxida-
tion of MB dye not only solves the pollution problem
and reduces the CO2 emission but also produces valu-
able products.
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