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Abstract: Solving high electrical-energy input for pollutants degradation is one of the core require-
ments for the practical application of photoelectrocatalytic (PEC) technology. Herein, we developed a
self-driven dual-photoelectrode PEC system (TiO2 NNs-Co3O4) composed of a TiO2 nanoneedle ar-
rays (TiO2 NNs) photoanode and Co3O4 photocathode for the first time. Under light-emitting-diode
(LED) illumination, the bias-free TiO2 NNs-Co3O4 PEC system exhibited excellent PEC performance,
with an internal bias as high as 0.19 V, achieving near complete degradation (99.62%) of sulfamet-
hazine (SMT) with a pseudo-first-order rate constant of 0.042 min−1. The influences of solution
pH, typical inorganic anions, natural organic matter, and initial SMT concentration on the PEC
performance were investigated. Moreover, the main reactive oxygen species (h+, •OH, •O2

−) in the
dual-photoelectrode PEC system for SMT decomposition were elaborated. The practical application
feasibility for efficient water purification of this unbiased PEC system was evaluated. It was proved
that the TiO2 NNs photoanode provided a negative bias while the Co3O4 photocathode provided
a positive bias for the photoanode, which made this system operate without external bias. This
work elucidated the cooperative mechanism of photoelectrodes, providing guidance to develop a
sustainable, efficient, and energy-saving PEC system for wastewater treatment.

Keywords: photoelectrocatalysis; dual-photoelectrode; light-emitting diodes; sulfamethazine; mechanism

1. Introduction

As a typical sulfonamide antibiotic, sulfamethazine (SMT) has been used frequently
in aquaculture and animal husbandry [1]. SMT has been detected in various aquatic envi-
ronments, such as underground water, seawater, and river water, and its concentration in
the aquatic environment ranges from ng L−1 to µg L−1 [2]. The residue of SMT in aquatic
environments may increase bacterial resistance and can bring potential risk to the ecological
system and human health through bioaccumulation in the food chain [3,4]. However, tradi-
tional bioprocesses cannot efficiently remove SMT, due to its biodegradation resistance [5,6].
Therefore, there is an urgent need to develop a cost-effective and environmentally friendly
method to remove SMT.

Advanced oxidation processes (AOPs) have been widely used for degrading refractory
organic pollutants [7]. Among various AOPs, photoelectrocatalysis (PEC) has attracted
extensive attention for its efficient ability to remove organic pollutants without producing
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any harmful by-products [8,9]. Compared with photocatalytic technologies, PEC can ac-
celerate the photogenerated carrier separation and transfer by applying the bias, which
achieves a better photoelectric performance. Unfortunately, traditional PEC systems require
an external bias to drive the PEC process, which means additional cost for the external
power. To lower energy demand, a self-driven dual-photoelectrode PEC system connected
with a photoanode and photocathode has been developed [10,11]. Specifically, the dual-
photoelectrode PEC system includes two light absorbers: photoanode and photocathode,
where the Fermi level difference between photoelectrodes will form an interior photovolt-
age [12]. The interior photovoltage can offset the electric energy input of the PEC system
required to drive the reaction of pollutants removal [13].

In addition, the development of PEC technology has greatly promoted the application
of energy-saving and green light-emitting diodes (LEDs). Compared with traditional light
sources (such as xenon lamp, halogen lamp), the LED lamp has the advantages of low cost,
long service life, low heat production, small size, and high energy conversion, and can
be used as the excitation light source of semiconductor materials [14,15]. Therefore, the
LED lamp with low energy consumption has great potential in PEC technology to solve
environmental problems.

Herein, the novel dual-photoelectrode PEC system was developed, which could
efficiently degrade SMT without external voltage. In this self-driven PEC system (named
TiO2 NNs-Co3O4), two 30 W LED lamps were served as the light source, TiO2 nanoneedle
arrays (TiO2 NNs, n-type semiconductor) were used as the photoanode, and Co3O4 (p-type
semiconductor) was selected as the photocathode. Afterward, the catalytic performance
and operating mechanism of the unbiased TiO2 NNs-Co3O4 PEC system under LED light
irradiation was systematically studied. The effects of solution pH, typical anions, natural
organic matter, initial SMT concentration, recycling, and actual water matrices on the
catalytic performance of the TiO2 NNs-Co3O4 system were also deeply investigated to
evaluate the practical feasibility.

2. Results and Discussion
2.1. Characterization of Photoelectrodes

The FESEM images of the Ti mesh in Figure 1a manifested that the surface of the Ti
mesh was rough and there were a large number of fine grids, which might be conducive
to the growth of catalysts [16]. After hydrothermal and annealing treatment, TiO2 was
densely and radially grown around Ti wires to form nanoneedle arrays, whose length was
about 1.0 µm. The results were consistent with the literature (Figure 1b–d) [17]. In addition,
the morphology of the Co3O4 photocathode was shown in Figure 1e–h. It could be seen
from Figure 1e,f that Co3O4 nanoneedle arrays were evenly distributed onto the Ti mesh
support, and the Co3O4 nanoneedle had a length of ~4.6 µm, which was composed of
densely packed, small nanoparticles (Figure 1g,h) [18].

XRD patterns were recorded in Figure 2a. Notably, the dominant diffraction peaks of
Co3O4 at 19.0◦, 31.2◦, 36.8◦, 38.5◦, 44.8◦, 59.3◦, and 65.2◦ might be assigned to the (111),
(220), (311), (222), (400), (511), and (440) planes of cubic structure (JCPDS No. 73-1701).
Similarly, through diffraction peaks of TiO2 NNs, it was postulated that the XRD pattern of
the TiO2 NNs electrode was associated with tetragonal rutile TiO2 (JCPDS No. 21-1276), in
agreement with a previous report [19]. The additional peaks on the XRD patterns of the two
electrodes should be due to the Ti mesh, and there was no impurity diffraction peak [20].
The results confirmed that TiO2 NNs and Co3O4 photocatalysts had been successfully
grown on the Ti mesh.

In addition, XPS was employed to investigate the composition and chemical states of
the element. It could be seen from Figure 2b that the Ti and O were included in the XPS
full-survey spectra of the TiO2 NNs photoanode, and the Co and O were included in the
XPS full-survey spectra of the Co3O4 photocathode. The peaks were located at 458.5 eV
and 464.2 eV in the high-resolution Ti 2p XPS spectrum corresponding to the Ti4+ 2p3/2 and
Ti4+ 2p1/2 in the TiO2 lattice, which was consistent with a previous report (Figure 2c) [21].
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For the Co3O4 photocathode, the prominent peaks of Co 2p spectra were centered at 779.9
eV (Co3+), 781.2 eV (Co2+), 794.8 eV (Co3+), and 796.1 eV (Co2+), indicating that Co2+ and
Co3+ coexisted (Figure 2d) [22]. Based on the above results, it could be perceived that the
TiO2 NNs photoanode and Co3O4 photocathode were successfully prepared.
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2.2. Photoelectric Properties

The light absorption ability and energy band position were studied. As demonstrated
in Figure 3a,c, the absorption edge and valence band (EVB) of the TiO2 NNs photoanode
were around 414 nm and 2.75 eV, respectively. The bandgap (Eg) and conduction band
(ECB) were calculated by using Equations (1) and (2) [23].

αhν = A(hν − Eg)0.5 or 2 (1)

ECB = EVB − Eg (2)

where α, h, and ν are the coefficient, the frequency of light, and Plank’s constant, respec-
tively; A is the proportionality constant; 0.5 indicates direct-bandgap semiconductors and
2 indicates indirect semiconductors. Thus, the Eg and ECB of the TiO2 NNs photoanode
were 3.01 eV and –0.26 eV, respectively, consistent with the literature [21]. Similar analysis
was also carried out for the Co3O4 photocathode and the results were shown in Figure 3b,d.
The Co3O4 photocathode could absorb ultraviolet and light, whose Eg, EVB, and ECB were
2.30 eV, 0.80 eV, and –1.50 eV, respectively. As expected, the Fermi level of the n-type
TiO2 NNs semiconductor was close to conduction band (–0.26 eV), and the Fermi level
of the p-type Co3O4 semiconductor was close to the valence band (0.80 eV) [24]. The
TiO2 NNs photoanode and Co3O4 photocathode were combined to construct a novel dual-
photoelectrode PEC system [12]. As is known, the internal bias was generated by the Fermi
level difference of the electrodes, which made it possible to establish a self-driven TiO2
NNs-Co3O4 PEC system [25].
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The transient photocurrent responses and EIS analysis were conducted in Na2SO4
solution with or without LED light illumination to examine the separation and transfer
ability of photogenerated charge carriers. As shown in Figure 4a, the photocurrent of
the dual-photoelectrode PEC system (TiO2 NNs-Co3O4) was 0.060 mA cm−2, which was
about 1.67 times and 20 times higher than those of the TiO2 NNs-Pt (0.036 mA cm−2) and
Pt-Co3O4 (0.004 mA cm−2) PEC system, respectively. In addition, it could be seen from
Figure 4b and Table S2 that the radius of the TiO2 NNs-Co3O4 system was smaller than
that of the single-photoelectrode (e.g., TiO2 NNs-Pt, Pt-Co3O4) PEC system both in the
dark and under LED illumination, indicating that the dual-photoelectrode PEC system had
lower charge transfer resistance [26]. Therefore, compared with TiO2 NNs-Pt and Pt-Co3O4,
the dual-phot-electrode PEC system had excellent photogenerated charge carriers transfer
performance, which was in agreement with recent research [25].
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To further clarify the peculiarity of the novel TiO2 NNs-Co3O4 system, we measured 
the open-circuit voltage (Voc) of different PEC systems (Figure 4c,d). Notably, the VOC 
values in the dark of the TiO2 NNs-Pt and Pt-Co3O4 PEC system were measured to be 
about −0.048 and 0.374 V vs. Ag/AgCl, respectively. Under illumination, the TiO2 NNs 
photoanode absorbed LED light to make Voc change to −0.238 V vs. Ag/AgCl, while the 
Voc of the Co3O4 photocathode showed a slight change. As reported in [12], the theoretical 
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To further clarify the peculiarity of the novel TiO2 NNs-Co3O4 system, we measured
the open-circuit voltage (Voc) of different PEC systems (Figure 4c,d). Notably, the VOC
values in the dark of the TiO2 NNs-Pt and Pt-Co3O4 PEC system were measured to be
about −0.048 and 0.374 V vs. Ag/AgCl, respectively. Under illumination, the TiO2 NNs
photoanode absorbed LED light to make Voc change to −0.238 V vs. Ag/AgCl, while the
Voc of the Co3O4 photocathode showed a slight change. As reported in [12], the theoretical
Voc of the TiO2 NNs-Co3O4 system was calculated to be about 0.422 V vs. Ag/AgCl in the
dark and 0.612 V vs. Ag/AgCl with LED-light irradiation, which was almost consistent
with the Voc curve of the dual-photoelectrode PEC system in Figure 4d. Consequently,
the internal bias of the TiO2 NNs-Co3O4 system was around 0.19 V, where the TiO2 NNs
photoanode provided a negative bias for the photocathode and the Co3O4 photocathode
provided a positive bias for the photoanode, in agreement with LSV results (Figure S1) [27].
This phenomenon confirmed that the TiO2 NNs-Co3O4 PEC system would produce larger
internal bias than the single-photoelectrode system (TiO2 NNs-Pt, Pt-Co3O4) under light
irradiation, which had the potential to enable this dual-photoelectrode PEC system to
self-drive and efficiently degrade organic pollutants without external bias [12,24].

2.3. Photoelectrochemical Degradation of SMT in TiO2 NNs-Co3O4 System
2.3.1. Photoelectrochemical Performance

Photoelectrocatalytic activities of the TiO2 NNs-Pt, Pt-Co3O4, and TiO2 NNs-Co3O4
PEC system for SMT degradation were tested under LED lamp irradiation. As seen from
Figure 5a, no appreciable photolysis of SMT was observed. In comparison, the degradation
efficiency of SMT in the TiO2 NNs-Pt and Pt-Co3O4 PEC system increased to 54.04% and
42.53%, respectively. These enhanced catalytic activities might be due to the production
of photogenerated electrons and holes with redox activity by TiO2 NNs or Co3O4 under
LED light illumination. Obviously, about 99.62% SMT could be removed within 120 min of
the self-driven TiO2 NNs-Co3O4 PEC system, possibly associating with the increased light
absorbance ability and elevated separation rate of photogenerated electrons and holes [12].
Moreover, the k of the self-driven TiO2 NNs-Co3O4 PEC system for SMT removal was
0.042 min−1, which was about 6 and 10.5 times as high as that of TiO2 NNs-Pt (0.007 min−1)
and Pt-Co3O4 (0.004 min−1), respectively (Figure 5b). Therefore, the dual-photoelectrode
PEC system of TiO2 NNs-Co3O4 possessed increased photoelectrocatalytic activity and
water purification performance.
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Co3O4; (b) the kinetics curves of the above systems. (c,d) Removal of SMT by dark, photocatalysis, 
and photoelectrochemical process using TiO2 NNs-Co3O4 PEC system. 
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The degradation efficiency of SMT in the TiO2 NNs-Co3O4 PEC system was also evalu-
ated in the dark (without light), PC (without Cu wire), and self-driven PEC (with light and
Cu wire) processes. As shown in Figure 5c,d, the removals of SMT in the TiO2 NNs-Co3O4
system were 1.12, 71.88, and 99.62% after 120 min of reaction, and the corresponding k
were about 0, 0.011, and 0.042 min−1 in the processes of dark, PC, and self-driven PEC,
respectively. The unbiased PEC process showed greatly improved performance in organic
pollutant degradation compared to the dark and PC processes. This phenomenon could be
attributed to the effectively suppressed recombination of photogenerated charge carriers in
the PEC process under the external circuit [28]. Specifically, both the TiO2 NNs photoanode
and Co3O4 photocathode could generate electrons and holes under the illumination of an
LED lamp. Because the Fermi level of the TiO2 NNs photoanode was more negative than
that of the Co3O4 photocathode, the TiO2 NNs-Co3O4 system produced a stable internal
photovoltage (0.19 V) [12]. This photovoltage was key to establish a bias-free photoelectro-
catalytic degradation system by the TiO2 NNs photoanode and Co3O4 photocathode [29].
In this case, the photovoltage drove the directional transfer of photoinduced charge carriers
through the external circuit, thus enhancing the separation rate of photogenerated electron–
hole pairs and finally exhibiting higher pollutant degradation activity. The performance
comparison of the unbiased dual-photoelectrode PEC system in the literature for pollutant
degradation is summarized in Table 1. It was clear that the self-driven TiO2 NNs-Co3O4
system had excellent performance and the energy consumption of the light source (LED
lamp) used in this system was significantly lower than that of other unbiased PEC systems
(Xe lamp).
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Table 1. The performance comparison of recently self-driven PEC system for wastewater treatment.

System Electrolyte Pollutant Removal k (min−1) Light Source Ref.

WO3/W photoanode
Cu2O/Cu photocathode 0.1 M KH2PO4; rhodamine B

(20 mg/L)
60%

(300 min) – 350 W Xe lamp [12]

BiVO4/WO3/W photoanode
Pt/BJS photocathode 0.1 M Na2SO4;

tetracycline
hydrochloride

(20 mg/L)

78%
(240 min) ~0.006 350 W Xe lamp [30]

BiVO4/TiO2 NT photoanode
Cu2O/TiO2 NT photocathode 0.1 M Na2SO4;

tetracycline
hydrochloride

(10 mg/L)

~ 50%
(120 min) ~0.005 300 W Xe lamp [10]

BiVO4/TiO2 NTs photoanode
ZnO/CuO NWs photocathode 0.1 M Na2SO4; methylene blue

(20 mg/L)
83%

(80 min) ~0.029 350 W Xe lamp [31]

TiO2/Ti photoanode
Cu2O/Cu photocathode 0.1 M PBS; methylene blue

(10 mg/L)
87%

(480 min) ~0.005 350 W Xe lamp [32]

PANI/TiO2 NTs photoanode
CuO/Co3O4 photocathode 0.1 M Na2SO4; rhodamine B

(~5 mg/L)
68.5%

(240 min) – – [24]

BiVO4@PDA/TiO2/Ti
photoanode

Cu2O/Cu cathode photocathode
0.5 M Na2SO4; rhodamine B

(10 mg/L)
97.28%

(120 min) ~0.030 500 W Xe lamp [33]

Ag3PO4@g-C3N4 photoanode
Cu2O photocathode 0.1 M Na2SO4; tetracycline

(10 mg/L)
76%

(240 min) – 300 W Xe lamp [34]

W/WNR/g-C3N4 photoanode
ITO/CBFeO photocathode 0.1 M Na2SO4; oxytetracycline

(10 mg/L)
97.6%

(90 min) ~0.042 500 W Xe lamp [35]

TiO2 NNs photoanode
Co3O4 photocathode 0.1 M Na2SO4; SMT

(10 mg/L)
99.62%

(120 min) 0.042 30 W LED lamp This work

2.3.2. Effect of Solution pH

Figure 6a manifested how the initial solution pH affected SMT degradation in the
unbiased TiO2 NNs-Co3O4 PEC system. When the pH was 3.0, 5.0, 7.0, 9.0, and 11.0, the
degradation efficiency of SMT was 98.92% (0.051 min–1), 98.73% (0.048 min–1), 97.44%
(0.041 min–1), 96.77% (0.035 min–1), and 80.89% (0.023 min–1) after 90 min of reaction. It
was clear that the decomposition rate of SMT decreased with the increase in initial pH
value. This might be due to the fact that pH was closely related to the formation of ROS and
the interaction between electrolyte and electrode. Specifically, the •OH and h+ worked as
the dominating role of SMT degradation, which were obtained by quenching experiments
(part 2.4.1). There was a large amount of OH− in the alkaline environment, which could
consume h+ to generate •OH, and the oxidation ability of •OH was lower than that of
h+ [15]. In addition, according to the Nernst equation, the oxidation potential of •OH
in basic medium was also lower than that in acidic conditions [36]. On the other hand,
acidic circumstances had been reported to facilitate charge transfer between the photo-
electrode and electrolyte in PEC degradation of organic pollutants [37]. Hence, the novel
TiO2 NNs-Co3O4 PEC system had superior operative performance in acidic and slightly
alkaline environments.

2.3.3. Effect of Background Species

Inorganic anions and natural organic matter (NOM) were ubiquitous in actual water
matrix. Therefore, the effects of 10 mM typical anions (Cl−, CO3

2−, PO4
3−) and 10 mg L−1

of NOM (representing by HA) on the degradation of SMT by the self-driven TiO2 NNs-
Co3O4 PEC system were investigated to evaluate the practical application prospects of
this system. In the presence of CO3

2–, PO4
3–, and HA, the degradation rates of SMT were

97.95, 96.28, and 99.52%, and the corresponding k values were 0.36, 0.37, and 0.35 min–1,
respectively. This slight inhibition effect might be attributed to the consumption of •OH
or h+ by CO3

2–, PO4
3–, or HA, while •OH and h+ participated in the degradation of

SMT (Figure 6b) [38–40]. Impressively, the presence of Cl− significantly accelerated SMT
removal (99.60%, 0.062 min–1), which could be attributed to the formation of active chlorine
species (•Cl, •ClO, HClO) in the bias-free TiO2 NNs-Co3O4 PEC system [41–43]. Therefore,
bias-free TiO2 NNs-Co3O4 PEC had the potential for saline wastewater treatment.
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Figure 6. Effects of (a) solution pH and (b) background species, and (c,d) initial SMT concentration 
on unbiased TiO2 NNs-Co3O4 PEC system for removal of SMT. 
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2.3.4. Effect of Initial SMT Concentration

The degradation ability of the bias-free TiO2 NNs-Co3O4 PEC system at different SMT
initial concentrations is shown in Figure 6c,d. The k for degradation of 5 mg/L of SMT
was 0.059 min−1, which was about 1.40, 2.46, and 4.92 times higher than those of 10, 15,
and 20 mg/L of SMT, respectively (Figure 6d). Additionally, in the case of 5 mg/L of
SMT, about 98% SMT was decomposed within 60 min of irradiation, and the degradation
rate still reached more than 97% after 90 (for concentration of 10 mg/L) and 120 min (for
concentration of 15 mg/L) of LED light irradiation. When the initial concentration was
increased to 20 mg/L, the removal rate was only 81.16% after 120 min of reaction, which
could be attributed to the fact that the reactive oxygen species (ROS) generated in the PEC
system were exhausted by excessive SMT (Figure 6c) [44]. Although k of SMT removal
in this self-driven PEC system decreased with the increase in initial concentration, the
degradation efficiency of SMT was high when the illumination time was prolonged.

2.4. Mechanism in TiO2 NNs-Co3O4 System

The quenching experiments were studied to clarify the contribution of the main ROS
during SMT degradation in the unbiased TiO2 NNs-Co3O4 PEC system under visible LED
light irradiation. Isopropanol (IPA, 100 mM) and ammonium oxalate (AO, 50 mM) were
applied as h+ and •OH quenchers, respectively, and the results were displayed in Figure 7a.
After adding AO to the reaction system, the degradation efficiency of SMT decreased to
the lowest (66.96%) within 120 min, indicating that h+ was the dominant ROS. When IPA
was added, the efficiency was reduced to 84.37%, implying that •OH participated in the
degradation process of SMT. Moreover, we further confirmed the role of •O2

− in the system
by purging N2. The decomposition efficiency was slightly suppressed to 90.56%. To sum
up, the contribution of different ROS for SMT removal in the unbiased TiO2 NNs-Co3O4
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PEC system was in the order: h+ (0.010 min−1) > •OH (0.015 min−1) > •O2
− (0.025 min−1)

(Figure 7b).
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Given these results, the operating mechanism of the unbiased TiO2 NNs-Co3O4 PEC
system for SMT degradation was inferred in-depth. As observed in Figure 7c, under
the LED light irradiation, the dual-photoelectrode PEC system produced internal bias
(0.19 V) due to the difference in the Fermi level of the TiO2 NNs photoanode and Co3O4
photocathode [30]. Then, the photoinduced electrons of the TiO2 NNs photoanode were
swiftly transferred to the Co3O4 photocathode driven by internal bias, which improved the
separation rate of electron–hole pairs [45]. As a result, there would be more photoinduced
holes in the photoanode and photogenerated electrons in the photocathode to participate
in the oxidation–reduction reaction to generate ROS (•OH, •O2

−), leading to the efficient
degradation of SMT.

2.5. Practicability of TiO2 NNs-Co3O4 PEC System

The practicability of the unbiased TiO2 NNs-Co3O4 PEC system was evaluated by
the cycling experiment. As presented in Figure 8a, the degradation efficiency of SMT in
the first, second, third, fourth, and fifth cycle experiments was 99.62%, 99.38%, 99.52%,
99.33%, and 99.40%, respectively. It was clear that the degradation capacity of SMT was
almost unchanged after five degradation cycles, indicating that the bias-free TiO2 NNs-
Co3O4 PEC system had superior stability. Furthermore, the catalytic performance of this
unbiased dual-photoelectrode PEC system was detected in pharmaceutical wastewater
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and mariculture wastewater. The quality parameters of actual pharmaceutical wastewater
(PW) and mariculture wastewater (MW) are listed in Table S1. As can be seen from
Figure 8b, the k value of SMT degradation in pharmaceutical wastewater and mariculture
wastewater was 0.035 min−1 and 0.052 min−1, respectively. The inhibitory action of
pharmaceutical wastewater might be due to its complex composition, and the promoting
effect of mariculture wastewater could be attributed to the presence of high concentrations
of Cl−. This phenomenon was consistent with the results of the influence of background
species. The remarkable catalytic performance for SMT degradation in pharmaceutical
wastewater (99.70%, 120 min) and mariculture wastewater (98.98%, 75 min) indicated that
self-driven TiO2 NNs-Co3O4 was a promising PEC system for water purification.
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Figure 8. Five consecutive cycling tests using TiO2 NNs-Co3O4 PEC system (a). PEC degradation of 
SMT in actual pharmaceutical wastewater and mariculture wastewater of TiO2 NNs-Co3O4 system 
(b). 

3. Experimental Section 
3.1. Photoelectrodes Preparation 

The TiO2 NNs were grown on Ti mesh through a hydrothermal method reported 
previously [17]. Ti mesh (2.8 cm × 4 cm × 0.1 mm) was pretreated with acetone, ethanol, 
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3. Experimental Section
3.1. Photoelectrodes Preparation

The TiO2 NNs were grown on Ti mesh through a hydrothermal method reported
previously [17]. Ti mesh (2.8 cm × 4 cm × 0.1 mm) was pretreated with acetone, ethanol,
and deionized water before use. Briefly, 0.3 mL of titanium isopropoxide was dissolved
in acetylacetone to form a yellow solution. Then, the above solution was slowly added
to Na2EDTA solution and stirred for 30 min. The solution was then transferred into a
Teflon-lined stainless-steel autoclave, which was heated at 200 ◦C for 12 h. The sample was
annealed in a Muffle furnace at 500 ◦C (ramping rate: 2 ◦C min−1) for 1 h to obtain the TiO2
NNs electrode.

The Co3O4 electrode was synthesized by using a NH4F-assisted hydrothermal method
recently reported [46]. Typically, 2.9 mmol Co(NO3)2•6H2O, 5.7 mmol NH4F, and 14.3 mmol
CO(NH2)2 were dissolved in deionized water to form a homogeneous solution. Then, this
solution along with pretreated Ti mesh was transferred into a 50 mL Teflon-lined autoclave,
which was heated at 120 ◦C for 5 h. Subsequently, the obtained sample was calcined in air
atmosphere at 350 ◦C for 2 h.

3.2. Characterizations

SEM images and structures of the prepared electrodes were investigated by field-
emission scanning electron microscopy (FESEM, LEO-1530VP), and X-ray diffraction (XRD,
Philips-12045 B/3 diffractometer with Cu-Kα irradiation). The X-ray photoelectron spectra
(XPS) were determined on a Thermo Scientifc ESCALAB 250Xi with a monochromatic
Al-Kα source. The UV-vis diffuse reflectance spectra (UV-vis DRS) were collected on a
Shimadzu 2600 UV spectrophotometer by using BaSO4 as a reference. The cobalt leaching
concentration after photoelectrocatalytic reaction was analyzed by ICP-MS (PerkinElmer
ELAN DRC-e, Waltham, MA, USA). The ROS were detected by electron paramagnetic
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resonance (EPR, Bruker EMX Nano, Heidelberg, Germany) by employing 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as a spin-trapping agent.

3.3. Photoelectrochemical Measurement

The photoelectrochemical measurement was analyzed using the standard three-electrode
system on a CHI760E electrochemical station. All tests were carried out in 0.1 M Na2SO4
electrolyte by using Ag/AgCl as a reference electrode, and Pt foil and the as-prepared photo-
electrode as the counter electrode and working electrode, respectively. The light source was
two 30 W LED lamps. Electrochemical impedance spectroscopy (EIS) was measured at an
open-circuit voltage from 100 kHz to 0.01 Hz. The transient photocurrent responses were
collected without external bias under LED light illumination and in the dark. Linear sweep
voltammetry (LSV) curves were recorded with the scan rate of 10 mV s−1.

3.4. Construction and Evaluation of Established PEC Systems

For simplicity, we named the TiO2 NNs photoanode-coupled Pt cathode, Pt anode-
coupled Co3O4 photocathode, and TiO2 NNs photoanode-coupled Co3O4 photocathode as
TiO2 NNs-Pt, Pt-Co3O4, and TiO2 NNs-Co3O4, respectively. Then, taking SMT as the model
pollutant, the degradation experiments were carried out in a single-chamber electrolysis
cell with a two-electrode system to evaluate the performance of the above-mentioned PEC
systems. The 70 mL reaction solution contained 0.1 M Na2SO4 and 10 mg/L of SMT. The
established PEC systems were connected via Cu wire without applied voltage, and the LED
light was turned on to start the photoelectrocatalytic reaction.

3.5. Analytical Methods

The concentration of SMT was determined by high-performance liquid chromatogra-
phy (HPLC, Ultimate 3000 ThermoFisher, Acclaim™ 120 C18 column at 30 ◦C, a 35:65 v/v
acetonitrile/water solution as the mobile phase, flow rate of 0.5 mL/min, and detection
wavelength of 270 nm). The degradation kinetics of SMT was fitted by the first-order
reaction using Equation (3).

– ln
(

Ct

C0

)
= kt (3)

where Ct (mg/L) is the SMT concentration at a certain time t (min), C0 (mg/L) is the initial
SMT concentrations, and k is the pseudo-first-order rate constant of SMT (min−1).

4. Conclusions

In short, an unbiased dual-photoelectrode (TiO2 NNs-Co3O4) PEC system encompass-
ing a TiO2 NNs photoanode and Co3O4 photocathode was established for the first time,
which could efficiently degrade SMT (99.62%, 0.042 min−1) under LED light irradiation.
The photoelectrocatalytic activity of the self-driven TiO2 NNs-Co3O4 PEC system for SMT
degradation was around 6 and 10.5 times as high as those of the TiO2 NNs-Pt (0.007 min−1)
and Pt-Co3O4 (0.004 min−1) system, respectively. The improved catalytic performance
could be attributed to the internal photovoltage (0.19 V) generated by the potential differ-
ence of Femi level between the photoelectrode. In addition, the slight influence of solution
pH, typical inorganic anions, and NOM on SMT degradation efficiency (≥94.03%) sug-
gested that the bias-free TiO2 NNs-Co3O4 PEC system had excellent catalytic performance
under environment-related conditions. In addition, quenching experiments indicated that
h+, •OH, and •O2

− were predominant ROS during the decomposition process of SMT in
this dual-photoelectrode PEC system. Moreover, the outstanding performance in reusability
(99.40% of the fifth cycles), pharmaceutical wastewater (99.56%), and mariculture wastewa-
ter (99.70%) further revealed its potential for practical environmental remediation. This
work provides novel inspirations for designing an efficient, sustainable, and strong-stable
PEC system to purify wastewater.
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