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Herein, we prepared novel three-dimensional (3D) gear-shaped Co30,4,@C (Co304 modified by amorphous
carbon) and sheet-like SnO,/CC (SnO-, grow on the carbon cloth) as anode and cathode to achieve efficient
removal of 4-nitrophenol (4-NP) in the presence of peroxymonosulfate (PMS) and simultaneous
electrocatalytic reduction of CO,, respectively. In this process, 4-NP was mineralized into CO, by the
C0304@C, and the generated CO, was reduced into HCOOH by the sheet-like SnO,/CC cathode. Compared
with the pure Co0.5 (Co304 was prepared using 0.5 g urea) with PMS (30 mg, 0.5 g/L), the degradation
efficiency of 4-NP (60 mL, 10 mg/L) increased from 74.5%-85.1% in 60 min using the Co0.5 modified by
amorphous carbon (Co0.5@C). Furthermore, when the voltage of 1.0 V was added in the anodic system of
C00.5@C with PMS (30 mg, 0.5 g/L), the degradation efficiency of 4-NP increased from 85.1%-99.1% when
Pt was used as cathode. In the experiments of 4-NP degradation coupled with simultaneous
electrocatalytic CO, reduction, the degradation efficiency of 4-NP was 99.0% in the anodic system of
C00.5@C with addition of PMS (30 mg, 0.5 g/L), while the Faraday efficiency (FE) of HCOOH was 24.1 % at
voltage of —1.3 V using the SnO,/CC as cathode. The results showed that the anode of Co304 modified
by amorphous carbon can markedly improve the degradation efficiency of 4-NP, while the cathode of
Sn0,/CC can greatly improve the FE and selectivity of CO, reduction to HCOOH and the stability of
cathode. Finally, the promotion mechanism was proposed to explain the degradation of organic
pollutants and reduction of CO, into HCOOH in the process of electrocatalysis coupled with advanced
oxidation processes (AOPs) and simultaneous CO, reduction.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.
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With the rapid development of society and economy, the
environment on which human beings depend for survival is getting
worse and worse [1], the greenhouse effect and water pollution
problems are extremely serious [2-6]. Organic wastewater
contains a large amount of toxic organic matter, which will
accumulate in the natural environment, and finally endanger
human health and existence of biology [7,8]. Therefore, the
treatment of organic wastewater is a hot topic [9-11].

There were many methods for wastewater treatment [12-15],
such as Fenton [16-18], electrochemical [19-24], AOPs [25-28].
Recently, advanced oxidation processes (AOPs) based on SO4*~ have
rapidly developed and become emerging technologies for efficient
treatment of organic pollutants. Especially, SO,* -AOPs (SR-AOPs)
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based on the variable valent metal activated persulfate have received
extensive attention, including cobalt oxide (Co304 and Co(OH),, etc.)
[29-33], manganese oxides (MnO, and Mn30y, etc.) [34-36] and
iron oxides (Fe,O3 and FesQy, etc.) [36-38]. However, the current
organic wastewater treatment mainly considered organic detoxifi-
cation or mineralization, they did not consider resource utilization
[39-42]. Under certain conditions, high concentration organic
wastewater is an available resource [43]. The large amount of CO,
would be produced by the mineralization of high-concentration
organic wastewater, leading to secondary pollution of greenhouse
effect. Therefore, itis urgent to develop a new technology to achieve
advanced treatment and simultaneous resource utilization of
organic wastewater.

Recently, our group had developed some methods to realize the
mineralization treatment and simultaneous resource utilization of
organic wastewater. The photocatalytic method was firstly
developed to realize this goal, but the products of photoreduction
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of CO, (methanol and ethanol) could be easily oxidized again
during the process of photocatalysis [44,45]. In order to conquer
this defect, electrocatalysis was combined with AOPs to fulfil
one-pot conversion of organic pollutants into liquid fuels [46]. In
this system, the electrocatalytic process was firstly coupled with
SR-AOPs for the degradation of 4-NP, while the as-produced CO,
was converted into CH3OH and C,HsOH by electrocatalytic
reduction. However, there were some problems in this technology.
For example, the removal efficiency of organic pollutant and
Faraday efficiency (FE) were still low, and the cathode of CuO could
be easily reduced to Cu.

Herein, a 3D gear-shaped Co304@C anode was designed and
prepared for efficient degradation of organic pollutants. In
addition, a new sheet-like SnO,/CC cathode was prepared to
achieve electrocatalytic CO, reduction, which could reduce the
overpotential and increase the FE. This novel electrocatalytic
system coupled with SR-AOPs was constructed to achieve high-
efficient degradation of 4-NP and reduction of CO,. Finally, the
catalytic mechanism was proposed to illuminate the electro-
catalytic processes involved in the one-pot conversion of 4-NP to
useful chemical products, and the synergetic effects between AOPs
and electrocatalysis, as well as electrocatalytic oxidation and
electrocatalytic reduction.

During the experiments, analytical grade reagents and
chemicals were used without further purification. The detailed
information of the chemicals and the detailed preparation
processes of 3D hexagram Co030,@C anode and sheet-like
Sn0,/CC cathode were available in Text S1 (Supporting informa-
tion). And the detailed information of analytical methods and
characterizations of the as-prepared electrodes were available in
Text S2 (Supporting information). Degradation of hydroxylben-
zoic acid (HBA) by electrocatalysis and AOPs was carried out at
potentiostatic conditions at room temperature (25+3°C) in
H-type cell, in which a piece of Nafion 117 membrane was used as
a separator. Ag/AgCl was the reference electrode, while Pt foil and
as-prepared Co0.5@C were used as cathode and anode, respec-
tively. The electrolytes used in the anodic and cathodic were
0.1 mol/L Na,SO4 with 1.44 mmol/L HBA (60 mL) and 0.1 mol/L
KKHCO; (60 mL), respectively. And appropriate amount of perox-
ymonosulfate (PMS) was added to the reactor of anodic before the
catalytic reaction. The potential was set at 1.0V vs. Ag/AgCl,
respectively. Solution was sampled from the anodic compartment
at prescribed intervals and filtered by a cellulose acetate
membrane (0.22 wm) and methanol was added to quench the
radicals. The reaction by-product of benzoquinone (BQ) was
analyzed using a HPLC. The operational condition of the HPLC was
as follow: Isocratic flow with mobile phase (methanol-deionized
water (50% and 50%), BQ detection wavelength (244 nm))
[47]. Generally, the concentration of BQ was proportional to
the concentration of SO, . This experiment was used for the
quantification of sulfate radicals.

Co304 electrodes were prepared using 0.1, 0.3, 0.5 and 0.7 g
urea that called as C00.1, Co0.3, Co0.5 and Co0.7, respectively. The
crystalline properties of the as-prepared electrodes were ana-
lyzed by X-ray diffraction (XRD). As shown in Fig. 1, the amount of
urea did not change the crystalline of Cos304. The diffraction
peaks at 31.4°, 36.9°, 44.8°, 59.4° and 65.2°, corresponded to
(220), (311), (400), (511) and (440) planes of monoclinic Co304
(JCPDS No. 42-1467). The diffraction peak of Co0.5@C at 36.9° was
relatively sharp and strong, indicating the Co0.5@C had obviously
better crystal phase than that of unmodified Co304 [46]. In
addition, the hydrothermally synthesized SnO,/CC showed four
diffraction peaks centered at 26.6°, 33.9°, 37.9° and 51.8°,
corresponding to (110), (101), (200) and (211) planes of SnO,
(JCPDS No. 41-1445), respectively [48]. The result showed that
Sn0,/CC electrode was successfully prepared.
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Fig. 1. XRD patterns of the different Co304, Co304@C anodes and Sn0,/CC cathode.

As shown in Fig. 2, the amount of urea had a great influence on
the morphology of Co304. When the addition amount of urea was
0.1 g, Co504 showed 3D gear-shaped with an average size of 5.3 wm
(Fig. 2a). With the increases of urea, the hollow structure of Co304
was gradually filled (Figs. 2b and c). When the amount of urea
increased to 0.7 g, the Co30,4 showed a 3D-hexagonal morphology
decorated with some nanoparticles (Fig. 2d). Morphologies had
obvious influence on the surface area. As shown in Fig. S2
(Supporting information), all the samples exhibited an H3 type
hysteresis loop, indicating mesoporous structure of samples. And
the surface areas of C00.1, Co0.3, Co0.5 and Co0.7 were 39.13,46.32,
56.17 and 44.61 m?/g, respectively (Table S1 in Supporting
information). The larger specific surface would provide more
active sites in the catalytic reaction. Therefore, we chose Co0.5 for
further modification. As shown in Fig. 2e, the morphology of Co0.5
had no obvious change after carbon modification, suggesting the
calcination under nitrogen protection after soaking with glucose
nearly had no effect on the morphology of the Co0.5. In addition,
the as-prepared SnO,/CC had a uniform morphology, and the SnO,
nano-sheets were well grown on the carbon cloth with a thickness
of ~20 nm (Fig. 2f). This structure would provide more active sites
for electrocatalytic reduction of CO,.
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Fig. 2. SEM of Co0.1 (a), Co0.3 (b), Co0.5 (c), Co0.7 (d), Co0.5@C (e) anodes and
Sn0,/CC electrode (f).
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The transmission electron microscope (TEM) was used to certify
the C was successful coated on the Co304. The TEM image of
C00.5@C showed that Co304 was wrapped by amorphous carbon
(Figs. 3a and b). As shown in Figs. 3c-e, the element mapping of
Co0.5@C also proved the Co30,4 was wrapped by C. And the results
showed that the surface amorphous carbon still survived during
the AOP in the Fig. S3 (Supporting information).

In addition, we further confirmed that Co304 was wrapped by
amorphous carbon by X-ray photoelectron spectroscopy (XPS) and
Raman. As shown in Fig. S4a (Supporting information), the XPS
survey spectrum of Co0.5@C showed a distinct C 1s peak, which
was consistent with the results of TEM and confirmed the presence
of carbon. Furthermore, the Raman spectrum of Co0.5@C showed a
broad G band at 1580 cm™! (Fig. S4b in Supporting information),
which confirmed the presence of amorphous carbon again [49].
Therefore, all the above results confirmed that the carbon was
successfully wrapped on the Co0.5 surface.

Electrochemical impedance spectra (EIS) of the as-prepared
Co304 and Co0.5@C electrodes showed that the semicircular
diameter of Co0.5 was smaller than that of other Co304 electrodes
(Fig. S5a in Supporting information), indicating the electron
transport capacity of Co0.5 was higher than other Co304 electro-
des. Compared with the Co0.5, the EIS semicircular diameter of
C00.5@C was further reduced, indicating that the electron
transport capacity of Co0.5@C was better than the Co0.5 in the
electrocatalytic process [50].

In order to better understand the performance of electro-
catalytic reduction of CO, on sheet-like SnO,/CC electrode, we
analyzed the current density curve at different voltages by linear
sweep voltammetry (LSV) under nitrogen and carbon dioxide
(Fig. S5b in Supporting information). The change in current density
was mainly derived from two parts: The current density produced
by hydrogen evolution and CO, reduction. As shown in Fig. S5b, the
reduction current density of the sheet-like SnO,/CC in the CO,
atmosphere was significantly higher than that in the N». This result
indicated that SnO, had high catalytic activity in the electro-
catalytic reduction of CO, and could effectively inhibit the
precipitation of hydrogen [51]. The XPS spectrum of the O 1s
and Sn 3d of SnO,/CC before and after reaction were shown in
Fig. S5 [52-54]. As shown in Fig. S6a (Supporting information), the
O 1s peaks, and the three sub-peaks at about 528.7 and 529.7 eV
corresponded to the Sn-O-Sn and chemisorbed oxygen (Oc),
respectively. Fig. S6b (Supporting information) shows the two
strong bands of Sn 3ds,; and Sn 3ds; at about 486.9 and 495.4 eV

Fig. 3. TEM images (a-b) and elemental mappings of Co0.5@C (c-e).

indicated the formation of SnO,. And the comparison of XPS
spectra before and after reaction showed that SnO,/CC had
excellent stability.

Fig. 4a displayed the 4-NP degradation rate curves of different
Co304 electrodes (Co0.1, Co0.3, Co0.5, Co0.7 and Co0.5@C), in which
Co0.5/PMS showed the highest degradation ability, and its
degradation efficiency was 74.5% in 60 min. This was related to
the surface area and electron transport capacity of Co0.5. After
coating C, the catalytic performance of Co0.5 was further
improved, and the degradation efficiency of 4-NP was 85.1% in
60 min. Because of the abundant functional groups (hydroxyl
groups and carboxyl groups) on the carbon surface, it would
generate more COOH" that was more likely to activate PMS [55,56].

As shown in Fig. 4b, with the increase of PMS concentration,
the degradation rate of 4-NP had significantly enhanced, and
0.7 g/L was the best. Because more sulfate radicals or hydroxyl
radicals were generated during the reaction. However, when the
concentration of PMS increased to 1.0 g/L, the catalytic degrada-
tion rate had slight decline, due to exceeding PMS would produce
SO5 ™~ instead of SO, ~, while SO5 was less active than SO,
[57,58]. It had a shorter lifetime and worse degradation ability,
which can be expressed by the following formulas (Egs. 1-3).

HSO5~ + SO4°~ — SO5°~ + H* + S04~ (1)
*OH+S0,°~ — HSO5~ (2)
SO4° +S04°" — S,08% (3)

As shown in Fig. 4c, the degradation efficiency of C00.5@C
system was significantly influenced by bias voltages, and it was
better than the AOPs or electrocatalytic oxidation, indicating that
the electrocatalysis coupled with AOPs had advantages in the
removal of organic pollutants. We designed a series of control
experiments to study the synergistic relationship between
electrocatalytic and AOPs. As shown in Fig. 4d, when different
bias voltages were applied on the fluorine doped tin oxide (FTO),
the 4-NP could be degraded and the removal efficiency of 4-NP at
0.8, 0.9 and 1.0V were 23.9%, 34.5% and 46.6%, respectively. The
results suggested the 4-NP could be directly degraded by electro-
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Fig. 4. 4-NP degradation in the Co30,4/PMS system with different anodes (a), in the
Co0.5/PMS system with different concentrations of PMS (b), in the Co0.5@C system
with different voltages (c), and in the FTO and FTO/PMS systems with different
voltages (d).
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oxidation. Then, PMS was added during the electro-oxidation
processes. As shown in Fig. 4d, the catalytic performance of
FTO/PMS was significantly higher than single FTO, indicating that
electrocatalysis coupled with AOPs could improve the degradation
efficiency of 4-NP.

As shown in Fig. 5, 4-NP was degraded by electrocatalytic
oxidation coupled with AOPs using Co0.5@C anode, and the
electrocatalytic reduction of CO, was realized through SnO,/CC
cathode. When the voltage was —1.2 and —1.3V, 4-NP could be
completely degraded in 60 min. However, when the voltage was
higher than —1.3 V, the catalytic degradation of 4-NP was obviously
inhibited. According to the LSV results of SnO,/CC in CO,
atmosphere, the initial potential was about —1.0 V. As the voltage
increased, the FE of CO, reduction increased significantly. When
the voltage was —1.5V, the FE of formic acid reached a maximum
value of 33.8% and the degradation efficiency of 4-NP reached
63.4%. Further increased the voltage, the FE had a slight decrease
because the hydrogen evolution reaction competed with the
reduction of CO, [59]. The detailed results were shown in Table S2
(Supporting information). Therefore, —1.5V was the optimal
voltage value for the coupled system of 4-NP degradation and
simultaneous CO, reduction. And the total organic carbon (TOC)
decreased rapidly from 5.913 mg/L to 1.483 mg/L in 60 min as
shown in Fig. S7 (Supporting information), confirming that 74.9% of
4-NP can be mineralized to CO, and H,0.

We used XPS characterization to explore the valence of Co
elements. As shown in Fig. 6a, two peaks were located at 779.4 and
794.5 eV, which were related to Co 2p3j; and Co 2pq; of Co** in
Co304, respectively. In addition, the two peaks located at 780.6 and
795.9 eV belong to Co 2ps;; and Co 2py;, of Co®’, respectively.
According to XPS results, the contents of Co?" and Co>" in Co30,4
were estimated (Table S3 in Supporting information). The Co?*
played a crucial role in AOPs [46]. And the content of Co®* in the
Co0.5 was 66.8%, significantly higher than other Co304 electrodes.
And the higher Co?" content would produce more SO,*~ for
degradation of organic pollutants. The content of Co®* was
basically the same after carbon modification of Co0.5, which
proved that carbon has no obvious influence on the valence state of
cobalt. To further explore the differences in carbon-coated Co304
electrodes, we analyzed the XPS spectra of the O 1s of Co0.5 before
and after carbon coating. As shown in Fig. 6b, the O 1s spectra of
C00.5 and C00.5@C could be divided into three peaks centered
at 533.0, 532.0 and 531.3 eV, corresponding to H-OH, C-OH and
Co-OH, respectively. And the Co-OH content in the Co0.5@C was
much higher than C00.5 as shown in Fig. 6b, which improved the
catalytic activity. It was because of Co-OH can combine with PMS to
generate more SO4°~ through H-bonding easily. Therefore, XPS
confirmed that Co0.5@C had excellent catalytic performance.

Tertbutyl alcohol (TBA) and methanol (MeOH) were used as the
radical scavenger for "OH and SO,"~, respectively. In the system of
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Co0.5@C/PMS, the degradation efficiency of 4-NP reduced from
75.1%-23.7% when the MeOH was added. With the addition of TBA,
the degradation efficiency of 4-NP decreased from 75.1%-52.2%.
Therefore, it can be concluded that SO, played more important
role than "OH. Similarly, in the system of Co0.5@C/PMS/1.0V, the
addition of MeOH resulted in the degradation efficiency reduced
from 99.8%-45.1 %, while the addition of TBA made the degradation
efficiency reduced from 99.8%-83.0% (Figs. 6¢ and d). Electron
paramagnetic resonance (EPR) spectrum shown in Fig. S8
(Supporting information) also confirmed the presence of radicals.
In summary, SO, and "OH were the main active species in the
electrocatalytic coupled with AOPs. This result was consistent with
our previous studies [46]. And as shown in Fig. S9 (Supporting
information), the sulfate radical quantification experiment also
confirmed that with the increase of reaction time, the sulfate
radicals in the system gradually increased, and the concentration
reached 68.12 pmol/L in 60 min.

The synergetic mechanism of 4-NP degradation coupled with
electrocatalytic CO, reduction was proposed. In the part of anode,
4-NP was mineralized to CO, by AOPs coupled with electrocatalytic
oxidation based on SO4*~ and °OH over the Cos04 electrode.
Meanwhile, the oxidation of water produced a proton process that
mainly occurred in the anode (Eq. 4). Then the generated H" would
move in the direction of the electric field and reached the cathode
chamber through the cationic proton exchange membrane to
participate in the CO, reduction [60]. The CO, reduction process
could be as follows [61] (Eqgs. 5-7).

H,0 » 2 H' +1/2 0, (4)
CO, +e  — COy*~ (5)
CO,*~ + HCO3~ — HCOO" + CO5>~ (6)
HCOO® + H* + e~ — HCOOH (7)

The CO, reduction products were detected by NMR. As shown in
Fig. S10a (Supporting information), the characteristic peaks of



M. Zhu et al. /Chinese Chemical Letters 31 (2020) 1961-1965 1965

HCOOH were not observed under nitrogen conditions, whereas
HCOOH was detected under CO, atmosphere (Fig. S10b in
Supporting information). Except for HCOOH, there was no peaks
of other hydrocarbons, indicating that the SnO,/CC had high
selectivity for the generation of HCOOH [62]. In order to better
explain the formation mechanism of HCOOH on the SnO,/CC
electrode, in situ FTIR spectro-electrochemical technique was used
to detect the adsorbed species formed on the electrode surface. As
shown in Fig. S11 (Supporting information), the absorption bands
at 995, 1379, 1670 and 3288 cm™~! were attributed to the peak of
C-0, —CO0~, —C=0 and free O-H, respectively. It indicated the
generation of HCOOH. Therefore, we proposed a possible CO,
reduction mechanism to understand the possible pathways for the
reduction of CO, to HCOOH as shown in Fig. S12 (Supporting
information). First, the CO, molecule captured an electron to form
CO,°~ on the surface of the catalyst, and further reacted with
HCO5™ to form HCOO®, then the HCOO® combined with the proton
and electron to form HCOOH (Egs. 5-7).

Furthermore, the degradation route and the decomposition
mechanism of 4-NP in the system of Co0.5@C/PMS at 1.3 V were well
investigated. The concentration and composition of the reaction
solution at different reaction time were tested by liquid chromatog-
raphy-mass spectrometry (LC-MS). As shown in Fig. S13 (Supporting
information), SO4°~ and *OH act as active species to attack some
chemical bonds and then mineralize 4-NP to CO, and HO0. Finally, a
possible4-NP degradation mineralization roadmap was put forward.
The system also was used to degrade the landfill leachate as shown in
Fig. S14 (Supporting information) and the results show that the
system is also applicable to the treatment of actual wastewater.

In summary, a novel system of electrocatalysis coupled with
AOPs and simultaneous CO, reduction were constructed to
degrade organic pollutants and simultaneously reduce CO, to
HCOOH using Co0304@C anode and SnO,/CC cathode. In this
process, the degradation efficiency of 4-NP can be markedly
improved by the anode of Co30, modified by amorphous carbon,
while the high FE and selectivity of CO, reduction to HCOOH can be
achieved via the Sn0O,/CC cathode. The promotion mechanism was
proposed to explain the degradation of organic pollutants and
reduction of CO, into HCOOH in the process of electrocatalysis
coupled with AOPs and simultaneous CO, reduction. The present
work provided an avenue for the coupling of electrocatalytic
oxidation with AOPs and electrocatalytic reduction technology to
treat organic pollutants with simultaneous resource cycling.
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