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the optimal plasma discharge time of 5 min for modification of g-C3 N4 and Ag2 O, photocurrent density of ternary composite was 6 times to bare TiO2 -NRs under UV-visible light irradi-
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Introduction
Photoelectrocatalytic (PEC) technology has a broad development prospects in elimination of environmental pollution
and resolving energy crisis (Ahmed et al., 2018; Grewe et al.,
2015; Shi et al., 2019; Wang et al., 2018, 2019; Xiu et al., 2019;
Yuan et al., 2018; Yaw et al., 2019). Various unitary materials and composites have been extensively used in waste wa-
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ter degradation, gas phase pollutant degradation and artificial
photosynthesis including CO2 reduction to hydrocarbon fuels
(Jia et al., 2016; Lu et al., 2020; Moniz et al., 2014; Pinaud et al.,
2013; Xie et al., 2016). Meanwhile, lots of methods such as
semiconductors coupling, metal or nonmetal deposition, organic dye sensitization, and so on, have been attempted to
enhance PEC performance (Caramori et al., 2010; Chen and
Mao, 2007).
The dielectric barrier discharge (DBD) plasma, as one
of catalyst modification methods, has been used for improving the PEC performance (Kim et al., 2017; Pohl, 2019).
Tao et al. (2019) found that NiAlCe-layered double hydroxides
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photocatalysts through plasma treatment at 75 V for 20 min
was better than unmodified one on methyl orange degradation. Zhang et al. (2018) used oxygen as working gas to modify MoS2 , fabricating high-performance MoS2 electrocatalyst.
The results showed that compared to 0, 30 and 120 sec, 60 sec
was the best plasma treatment time. Dou et al. (2018) reported
the development of plasma technologies in fuel cells, watersplitting devices, supercapacitors, and so on, which provided
new ideas for surface modification of materials. Hence, modification of materials by DBD system was an effective method
with enhanced PEC ability of catalysts.
Recently, composites containing two or more different substances with TiO2 , such as Al2 O3 passivated TiO2 nanorod
(TiO2 -NRs) (Zhang et al., 2017a), PbS/TiO2 (Zhang et al.,
2017b), mesoporous graphitic carbon nitride/titanium dioxide (mpg-C3 N4 /TiO2 ) (Yu et al., 2019), N,S-TiO2 (Zhao et al.,
2018a), Au/TiO2 (Hu et al. 2020) and so on, have generated
considerable interest due to their high PEC activity compared to unitary materials. While, the polymeric graphitic
carbon nitride (g-C3 N4 ) causes lots of attention for nontoxicity, inherent photochemical property, superior redox
ability, chemical stability and photostability in recent years
(Kang et al., 2018; Wei et al., 2018; Zhao et al., 2018b, 2018c;
Zhou et al., 2018). Nevertheless, pure g-C3 N4 still suffers
drawbacks of low quantum efficiency, to hinder the photocatalytic application (Mao et al., 2017). Yang et al. (2019,
2020) investigated the S-dopedor Ti3 C2 coupled with g-C3 N4
for H2 production or CO2 reduction with high photocatalytic efficiency, respectively. Liang et al. (2019) designed
Ag@Ag3 PO4 /g-C3 N4 /rGO (AGP/CN/rGO) composites for photocatalytic degradation of 2,2 4,4 -tetrabromodiphenyl ether.
Huo et al. (2019) prepared Z-scheme heterostructure of porous
g-C3 N4 /Sn2 S3 -diethylenetriamine composite with good photocatalytic CO2 reduction ability. Guo et al. (2018) synthesized
Z-scheme structure of g-C3 N4 /Pd/TiO2 nanocomposite with
higher current density than unary materials and binary materials. Inspired by the research, electron-hole separation efficiency could be enhanced by the addition of a suitable connection mediator between TiO2 and g-C3 N4 . Among various metal
oxide catalysts, Ag2 O has good visible light response, but
has low catalytic activity and poor light stability (Wen et al.,
2018). Integrating Ag2 O with non-metal materials that possess good light stability can not only increase the catalytic
activity, but also improve photostability of the composite
effectively.
In this study, DBD technology is applied to change characteristics of g-C3 N4 and Ag2 O powder. Then, a DBD plasma
assisted modification of g-C3 N4 /Ag2 O/TiO2 -NRs electrode was
fabricated via two-steps electro-deposition and followed by
calcination process. The chemical composition and morphology of Z-scheme ternary composites were characterized by Xray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
scanning electron microscope (SEM), and transmission electron microscope (TEM) analyses in detail. The optical properties and electrochemical performance of electrodes were also
measured. The removal of phenol was performed and several active species captures was added to propose the possible
photocatalytic mechanism.

1.

Materials and methods

1.1.

Chemicals

Silver nitrate, melamine, tetrabutyltitanate, hydrochloric acid,
sodium sulfite, sodium hydroxide, ethylene glycol, ethanol,
acetone, sodium sulfate were all analytical purity. Methyl alcohol (chromatographically pure) was obtained from Anhui high
purity solvents Co., Ltd. All chemicals were used as received.

1.2.

DBD plasma reactor device

DBD device set up for modification of g-C3 N4 and Ag2 O powders were displayed in Fig. S1. The reactor included a reaction
vessel, a high voltage generator (CTP-2000K, Nanjing Suman
Plasma Co., Ltd., China) providing voltage for plasma generation, and a voltage regulator (1000 W, Nanjing Suman Plasma
Co., Ltd., China), which could adjust discharge power voltage.
The quartz reactor, 135 mm in diameter as well as 30 mm in
height, was known as ground electrode. Meanwhile, the quartz
dielectric baffle with a diameter of 100 mm was high voltage
electrode. The pristine g-C3 N4 and Ag2 O powders were placed
in the DBD reactor through a certain plasma treatment duration using air as working gas to obtain plasma treated g-C3 N4
and Ag2 O. The discharge gap between the upper dielectric baffle and the surface of the powders in the reactor was about 2
mm.

1.3.

Preparation of photoelectrocatalyst

1.3.1.

TiO2 nanorods fabrication

TiO2 -NRs was prepared as follows (Li et al., 2012; Liu and Aydil, 2009): Fluorine-doped tin oxide (FTO, Wuhan Jingge Solar
Technology Co., Ltd., China) was ultrasonic cleaned for further
use. HCl (25 mL, 95%) was mixed with 25 mL distilled water
covering with plastic wrap, stirred for 10 min, and followed
by adding 0.6 mL tetrabutyltitanate and stirring for 5 min. A
cleaned FTO was in the autoclave having 25 mL as-prepared
solution, heating for 4 hr at 170°C. TiO2 -NRs film was successful synthesized.

1.3.2.

Ag2 O preparation

The Ag2 O was prepared as follows (Xu et al., 2013): 13 mL
AgNO3 solution (77 mmol/L) added to prepared 30 mL NaOH
solution (0.5 mol/L) stirring for 30 min in the dark. Ag2 O powders were obtained by centrifuged, washed with deionized water at 8000 r/min for 5 min, and dried overnight. Then asprepared powders were treated by DBD discharge for 0, 5, 10,
20 min with an AC input voltage of 30 V under air atmosphere,
denoted as Ag2 O-X, where X is 0, 5, 10 and 20, respectively.

1.3.3.

g-C3 N4 synthesis

Briefly, the melamine was heated at 520°C for 4 hr in air atmosphere (Tang et al., 2018). After that, yellow powders of
g-C3 N4 were obtained. Using air as working gas, the samples were transferred into plasma reaction chamber under
an AC input voltage of 30 V, treated for a certain time (0, 5,
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10, 20 min), denoted as g-C3 N4 -X, where X is 0, 5, 10 and 20,
respectively.

1.3.4.

Preparation of g-C3 N4 -X/Ag2 O-X/TiO2 -NRs

g-C3 N4 -X/Ag2 O-X/TiO2 -NRs films were prepared via two-steps
electro-deposition followed by calcination process. Firstly, 0.05
g Ag2 O-X powders were dissolved into 100 mL ethylene glycol,
stirred until dissolved fully. The TiO2 -NRs films were placed in
the prepared solution and deposited for 1800 sec at constant
voltage of E=−0.6 V in a three-electrode system. After that, the
electrode was washed and dried in air to form Ag2 O-X/TiO2 NRs films. Secondly, 0.1 g g-C3 N4 -X powders were added into
a 1:1 (V/V) ethanol solution under sonication for 12 hr, the supernatant was obtained via centrifugation at 10,000 r/min for
30 min. Deposition of g-C3 N4 was carried out in above solution
at E=−0.6 V for 30 min with the Ag2 O-X/TiO2 -NRs films as the
working electrode. After that, the g-C3 N4 -X/Ag2 O-X/TiO2 -NRs
were finally annealed at 400°C in N2 .

1.4.

Calculation of plasma discharge power

In order to analyze the energy input during plasma modification of g-C3 N4 and Ag2 O powders, the charge-voltage Lissajous
(Q-U) pattern method (Ping et al., 2010) was used to measure
the discharge power during the discharge process. The capacitor was connected to the ground of the reactor and the voltage of the capacitor was measured. The Lissajous (Q-U) figures
method was used to approximate the discharge power (Pdis ).
Pdis = f S
where f (Hz) is the frequency and S is the integral area of
Lissajous graph.

1.5.

(1)

115

and saturated Ag/AgCl electrode is a reference electrode, respectively. Blank FTO or FTO loaded with prepared materials
were served as working electrodes.

1.6.

PEC activity tests

At a typical experiment, the phenol, Cr(VI) and phenol-Cr(VI)
solution (100 mL) at pH = 3, using Na2 SO4 (0.1 mol/L) as electrolyte, was treated by using the as-prepared photoanode with
an effective surface area of 4.0 cm2 (2.0 cm × 2.0 cm). The
light intensity during PEC degradation reaction was about 100
mW/cm2 provided by UV-visible light. At first the treated solution was reacted for 30 min in dark, and then started under
illumination. 1 mL phenol or 2 mL Cr(VI) was collected every
half hour.
Cr(VI) content was analyzed by diphenylcarbazide spectrophotometry using an UV-Vis spectrophotometer (UNICO,
UV-2102PC, Unico Instruments, USA) and detected at a wavelengths of 545 nm. The phenol content was determined by
HPLC at 254 nm. The flow phase in analysis was methanol solution (volume ratio 1:1). In addition, the removal yield was
calculated as C/C0 , in which C0 was the concentration before
turning on the light and applying voltage, C was the concentration at time t of phenol (or Cr(VI)) solution.

2.

Results and discussion

2.1.

Plasma modification

the

Characterizations

The morphologies of g-C3 N4 -5/Ag2 O-5/TiO2 -NRs were examined by SEM (Hitachi S-4700 II, Hitachi Co., Ltd., China) and
energy dispersive spectrometer (EDS) applied to analyze elements distribution was also detected by the instrument. TEM
was performed on JEOL2100 HR (Japan Electronics Corporation, Japan). The difference of crystalline phases for g-C3 N4 5/Ag2 O-5/TiO2 -NRs and g-C3 N4 -0/Ag2 O-0/TiO2 -NRs were examined with XRD (X’pert Pro, Panalytical, Netherlands) in the
range of 2θ =20−80°. In addition, the effects of DBD modification on chemical composition and orbital energy levels between g-C3 N4 -5/Ag2 O-5/TiO2 -NRs and g-C3 N4 -0/Ag2 O-0/TiO2 NRs samples were analyzed by using XPS carried out on ESCAlab 220i-XL spectrometer (Thermo Fisher Scientific Co., Ltd.,
China). The optical performances were analyzed via a UVVisible spectrometer (TU-1901, Beijing Puxi General Instrument Co., Ltd., China) at room temperature. The specific surface areas of Ag2 O and g-C3 N4 powders after plasma modification were determined by Brunauer-Emmett-Teller (BET) nitrogen adsorption/desorption isotherms (Autosorb-IQ, Quantachrome Instruments, USA). The electron paramagnetic resonance spectrometer (ESR, Bruker A300, Bruker Instruments,
Germany) was used for detecting O2 •– and ·OH radicals.
In this work, electrochemical analysis was carried out on a
CHI660E (Shanghai Chenhua Instrument Co., Ltd., China) electrochemical analyzer, in which Pt sheet is a counter electrode

The input voltage for both Ag2 O and g-C3 N4 powders modification is 30 V. Taking g-C3 N4 as an example, the power during
the DBD discharge process was studied, and the Lissajous (QU) figures in the process of creating a plasma-modified g-C3 N4
powder was shown in Fig. S2. The discharge frequency was detected as 8.8 kHz. According to calculations, the energy input
of the plasma-modified g-C3 N4 powder is 9.37 W.
Fig. 1a shows the current-time curves of four g-C3 N4 /TiO2 NRs electrodes obtained under different treatment times for
g-C3 N4 powder under UV-visible light illumination and dark
alternating conditions, with the bias value is set at 0.4 V. The
results showed that the electrode under 5 min modification
had the highest photocurrent density, which was improved
by nearly 0.15 mA/cm2 compared with the electrode without
modification. It can be seen that the performance of the electrode is stable, and the long-term illumination has no obvious
effect on its photoelectric performance. DBD processing time
has an important effect on electrode performance.
The influence of plasma treatment time on electrochemical properties of catalysts was investigated by linear sweep
voltammetry (LSV), as depicted in Fig. 1b and c. Different
plasma modification time exhibited different photocurrent
density. After 5 min plasma modification for pristine both gC3 N4 and Ag2 O, obtained electrode possessed the best photocurrent density among all, while excessive plasma discharge process could affect the characteristics of materials. In
addition, g-C3 N4 -0/Ag2 O-0/TiO2 -NRs showed the lowest photocurrent density, which indicated that plasma modification
can enhance the PEC properties of the materials.
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Fig. 1 – Line scan voltammetry (LSV) curve of (a) g-C3 N4 -X/TiO2 -NRs (TiO2 nanorods) electrodes, (b)
g-C3 N4 -5/Ag2 O-X/TiO2 -NRs and (c) g-C3 N4 -X/Ag2 O-5/TiO2 -NRs (X = 0, 5, 10 and 20) electrodes in 0.1 mol/L Na2 SO4 and
Na2 SO3 mixed aqueous solution (pH = 10.5) under UV-visible light irradiation. Conditions: scan rate 10 mV/sec, light
intensity 100 mW/cm2 .
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Fig. 2 – Variation of phenol with (a) g-C3 N4 -5/Ag2 O-X/TiO2 -NRs and (b) g-C3 N4 -X/Ag2 O-5/TiO2 -NRs electrodes in
photoelectrocatalytic (PEC) processes (pH=3). C: concentration of pollutants at t (min); C0 : the initial concentration of
pollutants.

Plasma treatment time played an important role in PEC for
phenol removal at pH 3, which was shown in Fig. 2. With the
increase of modification time for Ag2 O powders from 5 to 20
min, phenol degradation rate was decreased from 72.99% to
60.91%. Similarly, with the increase of modification time for gC3 N4 powders from 5 to 20 min, phenol degradation rate was
decreased from 72.99% to 65.18%. The g-C3 N4 -5/Ag2 O-5/TiO2 NRs electrode displayed the highest removal efficiency of phenol in PEC processes, while plasma treatment time of Ag2 O
and g-C3 N4 powders extend to 10 and 20 min, the removal efficiency of phenol was decreased, which indicates that excessive modification time may damage the surface of the materials and then decreased PEC ability. The phenol degradation
rate of g-C3 N4 -0/Ag2 O-0/TiO2 -NRs electrode was only 49.56%
after 120 min, which further indicates that plasma treatment
increased PEC activity.
The influence of plasma treatment time on the PEC degradation of phenol with unadjusted pH was investigated, displayed in Fig. S3. The g-C3 N4 -5/Ag2 O-5/TiO2 -NRs electrode still
displayed the highest performance. However, the PEC ability
decreased when modification time of samples increased to 20
min. The ternary materials formed by g-C3 N4 and Ag2 O without plasma treatment has the lowest degradation efficiency.

2.2.

Characterization analysis

Fig. 3a is XRD patterns of the g-C3 N4 -5/Ag2 O-5/TiO2 -NRs and
g-C3 N4 -0/Ag2 O-0/TiO2 -NRs electrodes, and also shows the
XRD peaks of FTO as the base material. For g-C3 N4 , both samples showed similar XRD patterns, with characteristic peaks
at 2θ = 26.4° and 41.6°, which represent (002) and (101) crystal planes (Kondo et al., 2013; Yazdani et al., 2018), respectively, indicating that the crystal structure of g-C3 N4 is stable during plasma processing. As for the characteristic peak
analysis of Ag2 O, in the g-C3 N4 -5/Ag2 O-5/TiO2 -NRs composite
electrode, peaks appeared at 2θ = 34.4° and 38.2°, which were
judged to be Ag2 O (111) and Ag2 O (101) crystal planes (Xu et al.,
2013). However, in g-C3 N4 -0/Ag2 O-0/TiO2 -NRs, a characteristic peak appears at 2θ = 38.2°, representing the crystal plane

of Ag2 O (101) (Xu et al., 2013), and the peak at 2θ = 34.4° is
not obvious. In addition, five diffraction peaks at 27.8°, 36.0°,
54.8°, 62.9°, and 70.0° can be easily observed in both samples, which represent (110), (101), (211), (002) and (112) crystal planes of TiO2 (Guo et al., 2018), respectively. In addition,
the BET specific surface areas of Ag2 O and g-C3 N4 powders after plasma modification were determined by nitrogen adsorption/desorption isotherms (Fig. 3b). The specific surface areas
of Ag2 O and g-C3 N4 powders after plasma modification were
6.415 and 21.203 m2 /g, which were larger than those bare powders of 4.243 and 20.361 m2 /g, respectively. The results show
that the plasma treatment can expose more active sites of the
catalysts and improve the catalytic activity.
The composition of g-C3 N4 -0/Ag2 O-0/TiO2 -NRs and gC3 N4 -5/Ag2 O-5/TiO2 -NRs were confirmed by XPS analyses
(Fig. 4a) displayed the electrodes both have O, Ti, N, Ag and
C elements. Compared to g-C3 N4 -0/Ag2 O-0/TiO2 -NRs, the O
1s spectra (Fig. 4b) of g-C3 N4 -5/Ag2 O-5/TiO2 -NRs displayed
a bigger peak at ˜530.04 eV representing Ti-O (Guo et al.,
2018; Li et al., 2014, 2015; Wen et al., 2018). And the peak at
˜531.31 eV corresponds to lattice oxygen atoms in the Ag2 O
(Xu et al., 2013). Apparently, after plasma treatment, the peak
area of Ag-O increased, attributed to production of massive
oxygen-containing substances (Mao et al., 2017). The peak at
˜531.99 and ˜532.89 eV represented chemically adsorbed oxygen species and -OH (Guo et al., 2016; Mao et al., 2017). For gC3 N4 -0/Ag2 O-0/TiO2 -NRs sample, Ti 2p spectra (Fig. 4c) display
peaks of 458.99 and 464.68 eV, representing Ti4+ 2p3/2 and Ti4+
2p1/2 , respectively (Fu et al., 2015; Yaghoubi et al., 2014). For gC3 N4 -5/Ag2 O-5/TiO2 -NRs, not only the peaks exist in the above
two places, but also a new peak at 463.6 eV generated, ascribed
to the interaction between TiO2 and oxygen-containing substances (Guo et al., 2016). N 1s spectrum displays (Fig. 4d) peak
at ˜398.63, ˜399.19, ˜399.92 and ˜400.81 eV, which is consistent
with C=N-C, C-N-C, N-(C)3 , and C-N-H, respectively (Guo et al.,
2018; Jo and Natarajan, 2015). The Ag 3d spectra (Fig. 4e) of gC3 N4 -0/Ag2 O-0/TiO2 -NRs displayed peaks of 367.40 and 373.47
eV assigning to Ag 3d5/2 and Ag 3d3/2 , respectively, indicating the binding energy values of Ag+ in Ag2 O. It was in agree-
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Fig. 3 – (a) X-ray diffraction (XRD) pattern of g-C3 N4 -5/Ag2 O-5/TiO2 -NRs and g-C3 N4 -0/Ag2 O-0/TiO2 -NRs and (b) nitrogen
adsorption-desorption isotherms of Ag2 O and g-C3 N4 powders. BET S.A.: specific surface area of catalyst.

ment with Ag2 O loaded on the electrode surface successfully
(Li et al., 2016; Xu et al., 2013; Yu et al., 2005). While, the Ag
3d peaks of samples treated by the plasma can be broken
down into four peaks at ˜367.58, ˜368.17, ˜373.61 and ˜374.21
eV, which are attributed to oxidation of silver by plasma treatment (Won Choi et al., 2005). Furthermore, C 1s spectrum of
both g-C3 N4 -0/Ag2 O-0/TiO2 -NRs and g-C3 N4 -5/Ag2 O-5/TiO2 NRs (Fig. 4f) displayed the same peaks of 284.80, ˜286.23 and
˜288.71 eV. Two peaks of 284.80 and 286.23 eV may arise from
the adventitious C and C-N-C coordination in g-C3 N4 , respectively (Jo and Natarajan, 2015). The rest at 288.71 eV represents
the existence of surface carboxyl group (Mandari et al., 2017).
Overall, it can be seen from the XPS graph that Ti 2p and O 1s
representing to Ti-O bond move to lower binding energies in
g-C3 N4 -5/Ag2 O-5/TiO2 -NRs, indicating that more oxygen vacancies are generated in the TiO2 lattice after plasma treatment (Guo et al., 2018). And more peaks of Ag 3d formed in
g-C3 N4 -5/Ag2 O-5/TiO2 -NRs shows the more ionic Ag-O bonds
formation with surface chemically adsorbed oxygen species
such as -OH and -COOH (Guo et al., 2016; Mandari et al., 2017;
Won Choi et al., 2005). Therefore, with the plasma modification, the oxygen vacancies of TiO2 and surface adsorbed -OH
and -COOH groups will expand the visible light absorption and
enhance the combination of polar molecules to the surface,
thereby the photocatalytic activity of g-C3 N4 -5/Ag2 O-5/TiO2 NRs improved (Guo et al., 2018; Mao et al., 2017).
To prove the Ag2 O and g-C3 N4 nanoparticles successfully loaded on the nanorods, TEM and HRTEM images were
also analyzed in Fig. 5a and b. That g-C3 N4 wrapped with
nanorods and Ag2 O nanoparticles are uniformly located in
TiO2 nanorods and g-C3 N4 . In Fig. 4b, the lattice fringe spacing
can be measured according to the Digital Micrograph, 0.272
and 0.319 nm represent the Ag2 O (110) and g-C3 N4 (002), respectively (Xu et al., 2013). SEM image was used for observing the morphologies of g-C3 N4 -5/Ag2 O-5/TiO2 -NRs (Fig. 5c
and d). TiO2 nanorods have neatly rods and form nanoflowers
structure with Ag2 O well decorated. The sheet structures to
be g-C3 N4 depicted that g-C3 N4 were successfully synthesized.
The composition of g-C3 N4 -5/Ag2 O-5/TiO2 -NRs nanocompos-

ite was also identified by EDS (Fig. 4e–h), which confirms the
evenly distribution of C, N and Ag and each component in the
hybrid.
The optical absorption properties of different electrodes
were carried out in UV-Vis diffuse reflection spectroscopy
(Fig. 6). Apparently, main absorption spectrum of pure TiO2 NRs is in the ultraviolet region. The visible light photoresponse
of Ag2 O-5/TiO2 -NRs were improved in comparison with TiO2 NRs after Ag2 O loading, which resulted from increase of electronic states on the surface lattice between Ag ions and TiO2
(Kumar et al., 2016). After attachment of g-C3 N4 with TiO2 , absorption edge shifts to lower energy region (Wang et al., 2014).
Modified electrodes all possess good absorption capability in
visible light region. Among them, g-C3 N4 -5/Ag2 O-5/TiO2 -NRs
having the highest visible light response, which could be interpreted as the synergy among TiO2 , g-C3 N4 and Ag2 O had
great effects on promoting electron transfer. Furthermore, absorbance of g-C3 N4 -5/Ag2 O-5/TiO2 -NRs is significantly higher
than g-C3 N4 -0/Ag2 O-0/TiO2 -NRs. The corresponding band gap
energies (Eg ) follows the formula Eg = 1240/λ0 , where λ0 is
the absorption threshold (Jiang et al., 2013; Zhong et al., 2015).
The λ0 for TiO2 -NRs, g-C3 N4 -5/TiO2 -NRs, Ag2 O-5/TiO2 -NRs, gC3 N4 -5/Ag2 O-5/TiO2 -NRs, and g-C3 N4 -0/Ag2 O-0/TiO2 -NRs are
427, 440, 445, 451 and 455 nm. The Eg of TiO2 -NRs is 2.90 eV, corresponding to the study of Li et al. (2018). The ternary material
with plasma treatment has narrower band gap than g-C3 N4 0/Ag2 O-0/TiO2 -NRs, which can effectively use visible light.

2.3.

Electrochemical performance

Fig. 7a shows the LSVs of TiO2 -NRs, g-C3 N4 -5/TiO2 -NRs, Ag2 O5/TiO2 -NRs and g-C3 N4 -5/Ag2 O-5/TiO2 -NRs vs. Ag/AgCl. Pure
TiO2 -NRs electrode possess a low photocurrent intensity,
while the modified electrodes all had higher photocurrent intensity than it, especially for g-C3 N4 -5/Ag2 O-5/TiO2 -NRs with
the highest photocurrent intensity, 6 times that of pure TiO2 NRs.
In addition, the photoelectric conversion efficiency (IPCE),
which represents the effective electron ratio between the light
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Fig. 4 – X-ray photoelectron spectroscopy (XPS) image of the modified electrode: (a) g-C3 N4 -5/Ag2 O-5/TiO2 -NRs and
g-C3 N4 -0/Ag2 O-0/TiO2 -NRs, (b) O, (c) Ti, (d) N, (e) Ag, (f) C.

source photon and the incident excited photon (Lee et al.,
2008), is calculated by Eq. (2) (Tafalla et al., 1990):


IPCE(% ) = 1240 × iph /(λ × Pin ) × 100%

(2)

where iph (mA) is the photocurrent of the electrode at a certain wavelength, λ (nm) is the wavelength of the incident
monochromatic light, and Pin (mW) is the optical power of the
monochromatic light incident on the electrode surface. It can

be seen from Fig. 7b that the IPCE curve trends of the four
electrodes are basically similar. As the wavelength increases,
the IPCE gradually decreases, and there is almost no response
after the wavelength of 550 nm. The g-C3 N4 -5/Ag2 O-5/TiO2 NRs electrode has the largest IPCE value at 400 nm, about 28%.
In the 400−550 nm wavelength range, the ternary composite
electrode has the highest IPCE value, which represents good
light absorption and superior photoelectric activity.
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Fig. 5 – (a) Transmission electron microscope (TEM) image of g-C3 N4 -5/Ag2 O-5/TiO2 -NRs, high resolution transmission
electron microscope (HRTEM) image of (b) g-C3 N4 -5/Ag2 O-5/TiO2 -NRs, (c) front and (d) section scanning electron microscope
(SEM) image of g-C3 N4 -5/Ag2 O-5/TiO2 -NRs, and (e) energy dispersive spectrometer (EDS) mapping of corresponding SEM
image, (f) C, (g) N, (h) Ag elements for g-C3 N4 -5/Ag2 O-5/TiO2 -NRs.
For more in-depth evaluate the electrocatalytic activity
of electrodes, electrochemical impedance spectroscopy (EIS)
measurements were performed on four electrodes to analyze
charge transfer process. Fig. 7c and d show whether under
dark or under light, arc radius of ternary composite electrode
was smaller than single or binary composite electrodes, which
show that the internal impedance of g-C3 N4 -5/Ag2 O-5/TiO2 NRs electrode is small. Fig. 7e and f displays the Mott-Schottky
(M−S) plots. The flat band potential (Efb ) shifts positively from
about −0.39 V for TiO2 -NRs to −0.52 V for g-C3 N4 -5/Ag2 O5/TiO2 -NRs due to the reduction of the pinning effect of Fermi
level on the catalyst surface, contributing to suppression of
charge recombination (Kang et al., 2007).

2.4.

Fig. 6 – UV-visible diffuse reflectance spectrum of TiO2 -NRs,
Ag2 O-5/TiO2 -NRs, g-C3 N4 -5/TiO2 -NRs,
g-C3 N4 -5/Ag2 O-5/TiO2 -NRs and g-C3 N4 -0/Ag2 O-0/TiO2 -NRs
in the range of 300-700 nm.

Pollutants degradation

We have compared the influence of photocatalytic (PC), electrocatalytic (EC), and PEC processes by degrading phenol of
g-C3 N4 -5/Ag2 O-5/TiO2 -NRs films (Fig. 8a). The degradation of
phenol was approximately 72.99% within 2 hr on PEC, which
was the highest to PC (4.57%) and EC (17.06%), respectively.
Fig. 8b shows change in phenol concentration with different modified TiO2 -NRs films in PEC. The removal rate of phe-
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Fig. 7 – (a) LSVs, (b) photoelectric conversion efficiency (IPCE), electrochemical impedance spectroscopy (EIS) under (c) light
and (d) dark condition of TiO2 -NRs, Ag2 O-5/TiO2 -NRs, g-C3 N4 -5/TiO2 -NRs and g-C3 N4 -5/Ag2 O-5/TiO2 -NRs, Mott-Schottky
(M–S) plots of the (e) TiO2 -NRs and (f) g-C3 N4 -5/Ag2 O-5/TiO2 -NRs under UV-Vis irradiation. Conditions: scan rate 10 mV/sec,
light intensity 100 mW/cm2 . Z’: real part of impedance; Z”: impedance imaginary part; C−2 : interfacial capacitance.

nol for g-C3 N4 -5/Ag2 O-5/TiO2 -NRs electrode was about 3.07
times to that for TiO2 -NRs electrode.
Fig. 8c shows the influence of different pH on degradation. The phenol degradation shows its maximum rate at pH
= 3. The reason may be that at low pH, hydroxyl-free radicals, which plays a major role in photocatalytic reaction,
has increased. Hydroxyl-free radicals are generated by two
ways. One is through the reactions of photo-excited holes with
H2 O/OH– and another is through electrons. In this study, the
improvement of degradation rate under acidic conditions is

mainly due to the reaction of electrons. The reactions were as
follows:
e− + O2 → O2 ·−

(3)

O2 ·− + H+ ↔ ·HO2

(4)

Since HO2 was produced under acidic conditions, the
amount of ·OH also enhanced, which is beneficial to degradation of phenol (Bian et al., 2019).
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Fig. 8 – Variation of phenol (a) in photocatalytic (PC), electrocatalytic (EC), PEC processes, with (b) different electrodes, (c)
different pH and (d) different potentials in PEC processes.

In Fig. 8d, with increase of different electrical bias from 0 to
3.0 V, the removal efficiency of phenol enhanced remarkably.
When the applied bias reached 4.0 V, there was no evident increase for degradation of phenol. Thus, 3.0 V was the most
suitable applied potential.
In addition, the degradation of phenol with unadjusted pH
was depicted in Fig. S4. Apparently, the maximum removal
rate of phenol with pH unadjusted was obtained on PEC process compared to PC and EC processes. The optimum degradation rate for phenol was also g-C3 N4 -5/Ag2 O-5/TiO2 -NRs at
potential of 3 V. The comparison with others’ reported results
obtained by similar catalysts was listed in Table S1, shows that
the catalyst under UV-Vis irradiation could be efficient for pollutants degradation.

2.5.

Stability experiment

In order to study the stability of the g-C3 N4 -5/Ag2 O-5/TiO2 NRs electrode, the photocurrent density was measured repeatedly before and after the phenol degradation reaction.
The results are shown in Fig. S5a. After two and a half hours of
photocatalytic degradation of phenol, the photocurrent density decreased slightly of about 5% in the range of −0.1 to 0.6 V
indicating that the ternary composite electrode has good stability.

To further investigate the stability of the g-C3 N4 -5/Ag2 O5/TiO2 -NRs electrode, the cycle experiments under UV-Vis illumination were carried out at the initial concentration of phenol of 5 mg/L, the bias voltage of 3 V and the solution pH = 3.
As shown in Fig. S5b, it can be seen that with the exception
of the second slight decrease, the subsequent removal rate of
phenol remained stable.

2.6.

Possible mechanism

2.6.1.

Effect of electron capture Cr(VI) addition

To analyze the electron transfer process during this system,
Cr(VI) was added in phenol treated solution. As shown in
Fig. 9a, as Cr(VI) concentration increased from 40 to 80 μmol/L,
phenol degradation rate was correspondingly increased from
64.03% to 71.53%. When the phenol concentration reached
10 mg/L, the degradation of Cr(VI) was approximately 100.0%
within 90 min, as shown in Fig. 9b. Besides, as for phenol,
when the Cr(VI) concentration reached 80 μmol/L, the removal
rate in Cr(VI)/phenol system have no significant enhancement
compared with in phenol system both at pH = 3 and pH unadjusted (Fig. S6), which indicated that addition of Cr(VI) in this
reaction system didn’t improve the electron transfer to the
cathode. The photo-induced electron probably reacted with
oxygen to form high activity species of superoxide radicals
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Fig. 9 – Variation of (a) phenol and (b) Cr(VI) in Cr(VI)/phenol system with different concentrations of Cr(VI) at
g-C3 N4 -5/Ag2 O-5/TiO2 -NRs electrode in PEC processes.

O2 •– . Compared with single pollutant system, the degradation rate of Cr(VI) under mixed system has not significantly
improved with same initial Cr(VI) concentration both at pH =
3 and pH unadjusted (Fig. S6). There is no obvious synergistic effect between phenol and Cr(VI) in two pollutant mixture
system.

2.6.2.

Scavengers addition

To understand effects of possible active species on pollutants
degradation at PEC mode with g-C3 N4 -5/Ag2 O-5/TiO2 -NRs
films, p-benzoquinone, tert-butanol and oxalic acid as the captures of the superoxide radicals (O2 •– ), hydroxyl radicals (·OH)
and photo-induced holes (h+ ), respectively, were added into
reaction aqueous solution. After adding oxalic acid, phenol
degradation rate only slightly decreased (Fig. 10a). Obviously,
direct effect of holes was minimally involved. The hydroxyl
radicals and superoxide radicals had the main effect about
36.85% and 39.86% for phenol degradation in Cr(VI)/phenol
system. p-Benzoquinone and tert-butanol added could inhibit
the reduction efficiency of Cr(VI), while oxalic acid was able
to enhancement in Cr(VI)/phenol system (Fig. 10b). This could
be caused by photo generated holes reaction with oxalic acid,
which reduced the recombination of pairs of holes and electrons and then enhanced the electron reduction with Cr(VI)
(Vaiano et al., 2014). Fig. 10c and d is the ESR diagrams of O2 •–
and ·OH radicals for g-C3 N4 -5/Ag2 O-5/TiO2 -NRs electrode, respectively. It can be seen from the figure that strong superoxide radical and hydroxyl radical signals were detected after excitation with high response peak of O2 •– and then ·OH, which
further proved the existence of O2 •– and ·OH.

2.6.3.

PEC mechanism analysis

Through the above analysis, a Z-scheme mechanism of DBD
plasma assistant-modification of composite was proposed
(Fig. 11). During UV-visible light irradiation, the holes remain
in the valence band (VB) of TiO2 , while electrons in the conduction band (CB) of TiO2 via Ag2 O as charge transport center to VB of g-C3 N4 with contact interface. Potential of g-C3 N4
is −1.12 V vs. NHE (normal hydrogen electrode), lower than
O2 /O2 •– (−0.33 V vs NHE) (Wang et al., 2015a), so CB position of

g-C3 N4 reduced O2 to O2 •– to promote the degradation of phenol. Photo-induced holes stored in VB of TiO2 can oxidize water molecular into ·OH, which can explain the improvement of
redox ability. Meanwhile, the electrons generated on the cathode by the applied bias can also reduce Cr(VI) to Cr(III). During this process, Ag2 O promoted electron reaction efficiency.
Above could explain the experiment results that O2 •– and ·OH
were the major reactive radicals. The reactions were as follows
(Wang et al., 2015b):
g − C3 N4 /Ag2 O/TiO2 − NRs + hv → g − C3 N4 /Ag2 O/TiO2


−NRs e− + h+

(5)

e− + O2 → O2 ·−

(6)

O2 ·− + H2 O → ·OOH + OH−

(7)

·OOH + H2 O + e− → H2 O2 + OH−

(8)

·OOH + H2 O2 + e− → OH− + ·OH

(9)

h+ + H2 O → ·OH + H+

(10)

O2 ·− + organic pollutants → intermediates

(11)

·OH + organic pollutants → intermediates

(12)

O2 ·− + Cr(VI ) → O2 + Cr(V)

(13)

Cr(VI ) → e− + Cr(VI ) → e− + Cr(IV ) → e− + Cr(III )

(14)

where e– and h+ are electron and hole, respectively.
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Fig. 10 – Variation of (a) phenol and (b) Cr(VI) in Cr(VI)/phenol system with addition of scavengers at
g-C3 N4 -5/Ag2 O-5/TiO2 -NRs electrode in PEC processes, and electron paramagnetic resonance (EPR) spectrum of (c)
DMPO-•O2 – and (d) DMPO-·OH after degradation. DMPO: 5,5-dimethyl-1-pyrroline-N-oxide; B: magnetic field strength.

Fig. 11 – Photocatalytic mechanism of charge transfer in g-C3 N4 -5/Ag2 O-5/TiO2 -NRs composites under UV-visible light
irradiation. FTO: fluorine-doped tin oxide; NHE: normal hydrogen electrode; CB: conduction band; VB: valence band; e– :
electronic; h+ : hole.
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3.

Conclusions

In this paper, plasma discharge treatment was applied for
materials modification. The g-C3 N4 -X/Ag2 O-X/TiO2 -NRs composites were prepared via hydrothermal method and electrodeposition followed by calcination process. After the plasma
discharge treatment for 5 min, many oxygen-containing
species were induced on g-C3 N4 -5/Ag2 O-5/TiO2 -NRs composite. The g-C3 N4 -5/Ag2 O-5/TiO2 -NRs showed the most superior electrochemical performance compared to other electrodes and excellent performance for degradation of phenol was improved at the same time. Superoxide radicals
and hydroxyl radicals played an important role on phenol
degradation in Cr(VI)/phenol system. Z-scheme mechanism
of as-prepared ternary structure was proposed. More efficient photo-generated charge carriers transfer was achieved
on g-C3 N4 -5/Ag2 O-5/TiO2 -NRs due to the interaction between
Ag2 O and oxygen-containing species on the ternary structure,
which would also promote the degradation efficiency of phenol.
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