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ARTICLE INFO ABSTRACT

An efficient photocatalyst of nitrogen (N)-doped Cu,O@CuO was constructed for H,O, production under visible
light simply by the one-step N, plasma treatment for CuyO octahedrons. It was discovered that the plasma
treatment could allow for the simultaneous N doping and Cu,O oxidation to yield the N-doped Cu,O0@CuO
heterostructure so as to boost the separation and transferring of photogenerated carriers of photocatalysis. More
interestingly, the photocatalytic performances of the N-doped Cu,O@CuO could controllably depend on the
plasma treatment time, with the highest H,0, production rate (about 14 uMg~'min ') at the 10-min plasma
treatment, which is over three and eight folds higher than that of Cu,O and CuO, respectively. Also, high
photochemical stability of the photocatalyst could be expected for photocatalytic cycles. A two-step single
electron transfer pathway was demonstrated for the photocatalytic oxygen reduction reactions of H,O, evolution
through the formation of dominated 'O, ™ radicals. This one-step plasma treatment route may provide a facile
and efficient construction of photocatalytic heterostructures, promising for the large-scale applications for de-
signing various efficient photocatalysts for H,O» productions under visible light.
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1. Introduction

Hydrogen peroxide (H,0,) as an effective green oxidant has drawn
much attention in the fields of biological process, environmental re-
mediation, and water purification [1-3]. At present, many classic
technologies for producing H,O, have been developed such as the
electrochemical synthesis, anthraquinone autoxidation, and alcohols
oxidation [4-6]. However, most of these approaches may have been
trapped by some limitations like energy consumption, impurity in-
troduction and explosion risk [7,8]. Therefore, developing a facile, safe,
environmentally friendly, and energy-efficient method for H,O, pro-
duction is highly desired.

In recent years, increasing efforts have been focused on the devel-
opment of photocatalytic H,O, production technologies especially
those featuring the merits of solar-driving, energy-saving, and green
process [9-11]. In general, the efficiencies of the photocatalytic H,O,
generations may be largely depend on the functional performances of

photocatalysts. Among various photocatalysts, cuprous oxide (Cu,O)
semiconductor, one of the cost-effectiveness, earth-abundance, and
low-toxicity photocatalysts with a short bandgap (about 2.17 eV), can
facilitate the photocatalysis applications in many fields typically as the
photocatalytic water splitting for H,/O, evolution and photo-
decomposition of organic pollutants [12-16]. However, some intrinsic
disadvantages of Cu,O such as the short hole-diffusion length and easy
photochemical corrosion, may challenge the photocatalytic efficiency
and stability, which may limit its photocatalytic applications on a large
scale [17,18]. Aiming to solve these current problems, many re-
searchers have tried to design Cu,O-derivatized nanocomposites with
improved photocatalytic activities by adjusting the facets, sizes, and
morphologies of photocatalysts [19-21]. For example, Liu and co-
workers created Cu,O@TiO, photocatalysts with exposed Cu,O facets
for the efficient photocatalytic degradation of methylene blue and 4-
nitrophenol under visible light [19]. Catherine et al. utilized amino
acids to tune the size and morphology of Cu,O achieving enhanced
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photocatalysis for the degradation of methyl orange [21]. Moreover, it
is well recognized that the doping of various heteroatoms such as ni-
trogen (N), phosphorus, and carbon can increase the active sites of
photocatalysts with improved photocatalytic activities [22-25]. For
example, Dubale and colleagues have fabricated an efficient photo-
catalyst by doping phosphorus into carbon/Cu,O composites toward
efficient photocatalytic phenol degradation and hydrogen production
[22]. In particular, the construction of heterostructures has attracted
extensive interests in improving the photocatalytic performances of
Cu,0-based photocatalysts [26-28]. For example, Li's group fabricated
CuO/Cu,0 heterostructures with better photocatalytic activities for
photo-degrading organic dyes [26]. Kim et al. developed BiVO,/C/
Cu,0 nanocomposites with Z-scheme-based heterostructures showing
the promoted electron-hole separation for the increased photocatalysis
for CO, reduction [28]. However, either the current heteroatoms
doping methods or the heterostructures construction routes might
mostly be challenged by some shortcomings like time-consuming pro-
cess, complex operation, and harsh reaction conditions (i.e., high
temperature and pressure). Therefore, it is of essential interest to de-
velop a rapid, simple, and controllable strategy for the simultaneous
Cu,0-based heterostructures construction and heteroatoms doping to
realize the efficient photocatalysis for H,O, production under visible
light.

Up to date, the plasma treatment technology as a facile, rapid, and
efficient route has been widely utilized for the construction or surface
modification of functional materials without the use of any solvent
[29-31]. For example, Zhang and coworkers described the rapid
synthesis of CoN nanowires by the N, plasma treatment of Co304 na-
nowires for oxygen evolution [29]. Wang’s group employed the N,
plasma for doping nitrogen into CoFe nanosheets for the enhanced
electrocatalytic water oxidation [30]. Also, they employed Ar plasma to
engrave Co304 nanosheets to create the reactive oxygen vacancies as
well as enhanced specific surface area towards the improved electro-
catalysis [31].

In the present work, an efficient photocatalyst with N-doped
Cu,0@CuO heterostructure has been constructed controllably by the
one-step N, plasma treatment route for H;O, production under visible
light. Octahedral Cu,O was first synthesized by the glucose reduction
and then treated by the N, plasma, achieving the simultaneous Cu,O
oxidation and N doping. The resulted photocatalyst with N-doped
Cu,0@CuO heterostructure could achieved the greatly increased
visible-light absorption and separation of photogenerated carriers, in
which the introduced N heteroatoms and CuO in Cu,O octahedron
might serve as the photogenerated electron acceptor and electron
donor, respectively. The enhanced photocatalysis performances of N-
doped Cu,0@CuO photocatalyst were thus obtained controllably de-
pending on the plasma treatment time, as evidenced in the photo-
catalytic reduction of O, in water towards H,O, production under
visible light. The possible photocatalytic mechanism of two-step single
electron pathway for the O, reduction was further explored by the
capture experiments for active species. To the best of our knowledge,
this is the first report on the simultaneous heteroatoms (i.e., N) doping
and metal oxidation by the one-step N, plasma treatment towards the
construction of the heterostructures for the efficiently photocatalytic
H,0, production under visible light.

2. Experimental section
2.1. Materials and Reagents.

Copric chloride dihydrate (CuCl,-2H,0, 99.0%), glucose (CeH120s,
98.5%), isopropanol (IPA), and benzoquinone (BQ) were purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). p-hy-
droxyphenylacetic acid (PHPAA) was obtained from Sigma-Aldrich Co.
Ltd. (Shanghai, China). Potassium hydrogen phthalate (PHP) and
horseradish peroxidase (HRP) were bought from Sangon Biotech Co.,
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Ltd. (Shanghai, China). Other chemicals are of analytical grade.
Deionized water (> 18.2 Mohm-cm) was provided by ultra-pure water
system (Pall, USA).

2.2. Synthesis of photocatalytic Materials.

2.2.1. Synthesis of CuO

An aliquot of 0.0394 g CuCl,-2H,0 was used as copper source to be
dissolved into 46.2 mL water. Following that, 13.8 mL ammonia solu-
tion (0.90 gmL~') was dropped into CuCl, solution to be stirred for
10 min. Then, the mixture was adjusted to pH 12 by NaOH
(0.40 g mL™1) and further stirred for 20 min. Afterwards, the as-pre-
pared mixture was transferred into 50 mL Teflon-lined autoclave to be
heated at 160 °C for 8 h, and then cooled down to room temperature.
Subsequently, after being centrifuged and washed with water and
ethanol, the so obtained products of CuO were dried at 60 °C overnight
and finally stored in dark.

2.2.2. Synthesis of N-doped Cu,0@CuO

The N-doped Cu,O@CuO composites were synthesized by the N,
plasma treatment of Cu,O octahedrons. Herein, Cu,O was first fabri-
cated by following the procedure. Typically, an aliquot of 0.0394 g
CuCl,2H,0 was dissolved into 46.2 mL water, followed by the in-
troduction of 3.8 mL ammonia solution (0.90 g~mL’1). After the mix-
ture was first adjusted to pH 12 by NaOH (0.4 g'mL~') and then stirred
for 20 min, 15 mL CgH;,0¢ (3.05 mg~mL’1) was introduced into the
mixture (40 mL) to be further stirred for 10 min. Then, the mixture was
incubated at 60 °C for 30 min to be centrifuged and washed separately
with water and ethanol. After that, the obtained products of octahedral
Cu,0 were dried at 60 °C overnight. Moreover, the so prepared octa-
hedral Cu,O powder was spread on the quartz boat in the plasma
chamber (RF 13.56 MHz, 45 W), into which N, was introduced at a
flowing rate of 50 sccm under the pressure of 100 Pa, to be treated for
different times of 5.0, 10, and 15 min. Subsequently, the resulted N-
doped Cu20@CuO products were stored in dark for future usage.

2.3. Characterization of photocatalytic materials

The crystal structures of photocatalysts were recorded on an X-ray
diffraction (XRD, PANalytical/X pert3) with Cu Ka radiation.
Morphological structures of the products were explored separately by
field-emission scanning electron microscopies (SEM, Hitachi E-1010,
Horiba Ex-250) and transmission electron microscopy (TEM, JEOL/
JEM-2100PLUS). Moreover, the UV-vis spectra of the different mate-
rials were measured by UV-vis spectrometer (Shimadzu UV-3600,
Japan) with BaSO, as the reference substance. Also, the chemical
composition of photocatalysts were analyzed by Fourier transform in-
frared spectroscopy (Thermo Nicolet Nexus 470FT, USA) with KBr as
the reference substance. The amounts of hydrogen peroxide (H>O-)
yielded in pure water were measured through monitoring the fluor-
escent products of the HRP-catalyzed H,O»-PHPAA reactions by using
the fluorescence spectrometer (Horiba, FluoroMax-4, Japan). Besides,
their electrochemical impedance spectra (EIS) and photocurrent re-
sponses were measured by the electrochemical work station (CHI 760D,
Shanghai, China), in which a three-electrode system was utilized con-
sisting of a platinum electrode as the working electrode, a saturated
calomel electrode (SCE) as the reference, and a platinum wire electrode
as the counter one.

Furthermore, the Mott-Schottky (M —S) plotting was performed to
evaluate the flat band potentials of the photocatalytic materials, on the
basis of the data of electrochemical measurements operated at an am-
plitude of 5.0 mV and a frequency of 1.0 kHz.
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2.4. Photocatalytic applications of N-doped Cu,O@CuO for H,02
Production.

2.4.1. Photocatalytic H,0, production experiments

The photocatalytic applications for H>O, evolution were carried out
by using a glass reactor and 300 W Xe-lamp (Yirida Technology Co.
Ltd., Shenyang, China) with a 420 nm cut-off filter as the simulated
sunlight source. Typically, an aliquot of 15 mg photocatalysts was
dispersed into 10 mL H,O to be stirred for one hour in dark to reach the
equilibrium of adsorption and desorption. Afterwards, 500 pL of the
suspension was collected for every 15 min and then centrifuged.
Subsequently, 300 uL of the supernatant was fetched, in which the
concentrations of H>O» so produced were detected by the PHPAA-based
analysis method reported previously [32]. Typically, an aliquot of
1.0 mL of fluorescence reagent (270 mg/L PHPAA, 30 mg/L HRP, and
8.2 g/L PHP) was separately introduced into the above supernatants to
react for 2.0 h. Herein, HRP would catalyze the reactions between
PHPAA and H,0, so produced to form the fluorescent dimers in the
PHP buffer. After that, 1.0 mL NaOH (1.0 M) was added to be mixed for
10 min. The fluorescence intensities of the products were finally mea-
sured using the fluorescence spectrophotometer at an excitation wa-
velength of 315 nm, by which the H,O, concentrations were calculated.

2.4.2. Reactive species trapping experiments

To investigate the active reactive species possibly yielded in the
process of N-doped Cu,O@CuO photocatalysis, the trapping experi-
ments for reactive species were performed with IPA (1.0 mM) and BQ
(1.0 mM) serving as hydroxyl radicals scavenger and superoxide radi-
cals scavenger, respectively. According to the same procedure of pho-
tocatalytic reactions of H,O, production above, the reaction system was
conducted under the visible-light irradiation using 300 W Xe-lamp.

3. Results and discussion
3.1. Fabrication and morphological analysis of photocatalytic materials

The N-doped Cu,O@CuO photocatalysts were synthesized from
Cu,0 octahedrons simply by a one-step N, plasma treatment, with the
main fabrication procedure schematically illustrated in Scheme 1.
Herein, Cu,0O octahedrons were firstly prepared by glucose reduction
under the alkaline condition, and then treated by N, plasma to yield the
N-doped Cu,0O@CuO nanocomposites. Fig. 1a, b manifest the compar-
ison of the morphologies among Cu,O octahedrons and N-doped
Cu,0@CuO nanocomposites by the scanning electron microscopy
(SEM) imaging. One can note from Fig. la that pristine Cu,O could
present the regular octahedral structure with smooth surface showing
the average size of about 600 nm in diameter. After the N, plasma
treatment to produce N-doped Cu,O@CuO, “small wings”-like para-
phytes could be produced on the surface of Cu,O octahedrons (Fig. 1b).
To make a further insight of the resulted N-doped Cu,O@CuO nano-
composites, the element mapping analysis was performed by energy
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dispersive spectroscopy (EDS), showing the Cu, O, N elements uni-
formly distributed (Fig. 1c). Fig. 2a—d display the transmission electron
microscopy (TEM) images of N-doped Cu,O@CuO, showing the “small
wings”-like profile as more clearly revealed in the amplified view
(Fig. 2b), which is well consistent with the ones in Fig. 1b above.
Especially, a lattice analysis was further conducted for the selected
areas of the amplified N-doped Cu,0@CuO particle (Fig. 2¢, d). As
expected, one can note from Fig. 2c that the lattices measured from
Cu0 area could illustrate the average spacing of 0.24 nm, which can
correspond to the (1 1 1) lattice facet of octahedral Cu,0, as described
elsewhere [20]. Besides, Fig. 2d reveals that the lattices measured from
the surface “small wings” part of N-doped Cu,O@CuO could have an
average spacing of 0.23 nm, which may belong to the (1 1 1) lattice
plane of CuO [26]. The data indicate that N-doped Cu,0@CuO het-
erostructures could be constructed by the one-step plasma treatment for
simultaneous N doping and Cu,O oxidation.

3.2. Investigations on the structural and elemental composition

The XRD characterizations were first conducted to investigate the
crystal structure of N-doped Cu,O@CuO yielded by the N, plasma
treatments for different time (5.0, 10, and 15 min), taking Cu,O as the
control (Fig. 3). One can note that the identified diffraction peaks lo-
cated at 29.5°, 36.4°, 42.2°, 61.3°, 73.4°, and 77.3° can be assigned to
(110),(111),(200),(220),(311),and (22 2) of Cu,0 (JCPDS 05-
0667),[19] respectively. However, the diffraction peaks of CuO phase
were not found in the XRD pattern of N-doped Cu,O@CuO nano-
composites after being treated by N, plasma for 10 min, due to that the
amount of CuO yielded on the surface of nanocomposites might be too
low to be detected by the XRD. Moreover, the chemical states of dif-
ferent elements in N-doped Cu,O@CuO nanocomposites were explored
by X-ray photoelectron spectroscopy (XPS), taking pure Cu,O as the
control (Fig. 4). The wide-scan spectra indicate the existence of Cu, O
and N elements in N-doped Cu,O@CuO, in contrast to pure Cu,O
(Fig. 4a). By fitting the fine-scanned Cu 2p spectra, furthermore, the
electronic states of Cu atoms with different valences were recognized
with the data shown in Fig. 4b. As expected, the binding energies (BEs)
at 932.17 eV and 952.00 eV could be observed corresponding to Cu
2p3/2 and Cu 2p1/2 of Cu (1), respectively, whereas the peaks located
at 934.7 and 954.6 eV should be attributed to Cu®>* species formed on
the surface of Cu,0. Interestingly, two peaks of Cu®>* species might also
be obtained for pure Cu,0 presumably due to the oxidation of a fraction
of pure Cu,0 in air, which however are much lower than those in the N-
doped Cu,0@CuO. The results may confirm that CuO should be formed
on the surface of Cu,O after the N, plasma treatment [33]. Also, the
ratio of CuO-to-Cu,0 was calculated to be about 0.10. Moreover, Fig. 4c
manifests the high-resolution XPS spectra of O 1 s with the double peaks
located at 530.35 eV and 531.5 eV, which can be assigned to the lattice
oxygen and (e.g., O, hydroxyl species), respectively. Notably, the ob-
vious decrease of surface-absorbed oxygen species of N-doped
Cu,0@CuO might indicate the part removal of surface oxygen after the

NaOH
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¢

Glucose reduction
60 °C, 30 min ‘ ‘

e
N; plasma treatment \ A& W

R.T., 10 min i ’ 4 _’_

Scheme 1. Schematic illustration for the main fabrication procedure of N-doped Cu,O@CuO photocatalysts by the N, plasma treatment route for Cu,O octahedrons,

showing the changing morphological structures of TEM images.
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Fig. 1. SEM images of Cu,O octahedrons (a) before and (b) after the 10-min N, plasma treatment to yield the N-doped Cu,O@CuO nanocomposites with (c) the EDS

element mapping of Cu, O, and N elements.
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Fig. 2. TEM images of (a) N-doped Cu,O@CuO nanocomposites yield by N, plasma treatment for Cu,O octahedrons for 10 min, with (b—d) the amplified parts of a

nanocomposites.

N, plasma treatment. What’s more, the peak at 398.6 eV can be at-
tributed to the Cu—N bond [34], indicating that N atoms were doped
into Cu,O (Fig. 4d). The results above indicate the successful fabrica-
tion of N-doped Cu,O@CuO by the one-step N, plasma treatment for
Cu,0 octahedrons.

3.3. Studies on the optical properties

To explore the light absorption abilities of the photocatalytic N-
doped Cu,0@CuO nanocomposites, their spectra of UV-Vis DRS were
recorded in comparison with those of Cu,0 and CuO (Fig. 5a), of which
the band gaps were calculated by the following formula: [35]
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Fig. 3. XRD patterns of Cu,0O octahedrons before and after the nitrogen plasma
treatment for different time of 5.0, 10, and 15 min to yield N-doped Cu,O@CuO
nanocomposites.

Ag = 1239/Eg, where Ag and Eg represent the observed optical ab-
sorption edge and the band gap, respectively. As can be seen from
Fig. 5a, all of the tested materials could present the visible light re-
sponses, indicating that their light absorptions could occur because of
the band transitions from the valence bands to the conduction ones. The
band gap energies of 2.02 eV and 1.69 eV were thus calculated for Cu,O
and CuO, respectively, of which the absorption edges could separately
correspond to 612 nm and 733 nm, suggesting that CuO might exhibit a
broader optical harvest than Cu,O. More importantly, the optical
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absorption edge of the developed N-doped Cu,O@CuO could display a
slight shift towards the higher wavelength (red shift) because of the
formation of CuO. By compared with Cu,O, therefore, a higher ab-
sorption could be achieved for the prepared N-doped Cu,O@CuO na-
nocomposites, so as to afford a higher application efficiency of sunlight
towards the improved photocatalytic activity. In order to further ex-
plore the functional groups of the developed photocatalysts, a com-
parison of FT-IR spectra was conducted between N-doped Cu,O@CuO
and pristine Cu,0, with the data shown in Fig. 5b. Accordingly, Cu,0
showed the prominent peaks at 620 and 650 cm ™! corresponding to the
Cu—O stretching vibrations [36]. Moreover, after the 10-min plasma
treatment to yield the N-doped Cu,0@CuO, the Cu—O stretching vi-
bration peaks of Cu,O could show a red shift, implying that the N
element might be replaced by the O element. Nevertheless, there is no
obvious Cu (I)-O vibration absorption peak, which might be ascribed to
the relatively low content of CuO existing on the surface of Cu,O.
Conclusively, the N-doped Cu,0O@CuO could be successfully achieved
by the one-step N, plasma treatment for Cu,O octahedrons.

3.4. Photocatalytic performances and stability

The photocatalytic performances of the N-doped Cu,O@CuO pho-
tocatalysts treated by N, plasma for different time were evaluated by
comparing with pure Cu,O and CuO, in which the H,0, amounts pro-
duced from the O, reduction in pure water under visible light irradia-
tion were monitored (Fig. 6a). One can see that all of the N-doped
Cu,0@CuO photocatalysts could attain much higher H,0, yields. In
contrast, the photocatalytic H,O» productions for both pure Cu,O and
CuO are negligibly low, due to they might encounter with the fast re-
combination of photogenerated electron-hole pairs. Importantly,
herein, the dramatically enhanced photocatalytic activity of N-doped
Cu,0@CuO heterostructure for photocatalytic H,O, production might

Cu 2p
Cu2p,,
. \ o
<
g '\
::‘ ' Cu20
172} Ll
= !
2 '
= X cu?t
N\
N-doped Cu20 @CuO
930 940 950 960
Binding energy / eV
d Nls
/CU-N
=
<
£
w»
=
]
=
—
396 398 400 402 404 406

Binding energy / eV

Fig. 4. XPS spectra of N-doped Cu,O0@CuO nanocomposites after the 10-min nitrogen plasma treatment of (a) full, (b) Cu 2p, (c) O 1s, and (d) N 1s, taking pure Cu,O

as the control.
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Fig. 5. (a) Comparable UV-vis and (b) FTIR spectra of CuO, Cu,O octahedrons before (red) and after the 10-min N, plasma treatment to form N-doped Cu,0@CuO
nanocomposites (black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

be mainly attributed to the two facts. On the one hand, CuO derived on
the surface of Cu,O by the N, plasma-enabled in-situ oxidization might
serve as a new active site for enriching more photogenerated electrons.
On the other hand, the doped N might improve the charge separation
ability of Cu,O, thus facilitating the further increased photogenerated
electrons of photocatalysts. More importantly, the highest photo-
catalytic H,O, production could be achieved for the N-doped
Cu,0@CuO fabricated by 10-min N, plasma treatment with a H,0,
production of 12.6 uM after 60 min of visible light irradiation.
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Accordingly, the highest H,O, production rate was calculated to be
about 14 uM g~ ! min !, which is over three and eight folds than those
of pure Cu,O and CuO, respectively (Fig. 6b). Therefore, the photo-
catalytic performances of N-doped Cu,O@CuO photocatalysts can
controllably depend on the treatment time of N, plasma, showing the
best one formed by the N, plasma treatment time for 10 min. It in-
dicates that the suitable treatment time of N, plasma might enhance
photocatalytic activities of N-doped Cu,O@CuO photocatalysts, pre-
sumably by improving the separation and transfer of photon-generated
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Fig. 6. (a) Time-dependent photocatalytic H,O, yields and (b) rates of Cu,O octahedrons and N-doped Cu,O0@CuO after the nitrogen plasma treatments for different
time of 5.0-15 min, taking pristine CuO as the control. (c) Recycling experimental results of N-doped Cu,O@CuO nanocomposites in the photocatalytic HO,
generation reactions, and (d) XRD patterns of the nanocomposites before and after being used for three runs of photocatalytic reactions, where the nanocomposites

were yielded by the 10-min N, plasma treatment for Cu,O octahedrons.
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carriers as demonstrated afterwards. However, too long plasma treat-
ment time might bring about the excessive doping N, which might form
the recombination centers of photogenic charge carriers in N-doped
Cu,0@CuO photocatalysts resulting in the inhibited photocatalytic
activities [37].

The photochemical stability of the N-doped Cu,O@CuO photo-
catalysts was further explored by the repeated experiments of photo-
catalytic H>O, generations using the ones for 10-min treatment of N,
plasma as example (Fig. 6¢). One can observe that the developed
photocatalyst could maintain a pretty high production of H,O, after
being reused for three cycles. Furthermore, the XRD patterns of N-
doped Cu,0@CuO were measured to characterize the recovered pho-
tocatalyst before and after the three-cycle reactions (Fig. 6d). It was
found that the developed N-doped Cu,O@CuO photocatalysts could
exhibit no significant change in the phase structures after three-cycle
usages for H,O, productions, demonstrating the favorable photo-
stability of photocatalysts.

3.5. Photocurrent reponses and electrochemical properties

The photogenerated charge separation as the premise of photo-
catalysis can be directly reflected by the transient photocurrent den-
sities of photocatalysts [38-40]. In order to get further insight into the
photogenerated charge transferring and carrier separation abilities, the
transient photocurrents and electrochemical impedance spectra (EIS)
were measured for the N-doped Cu,0@CuO photocatalysts treated by
N, plasma for different time by taking pure Cu,O and CuO for com-
parison (Fig. 7). As expected in Fig. 7a, the largest photocurrent density
could be obtained for the N-doped Cu,O@CuO for the 10-min N,
plasma treatment (1.0 pAcm_z), which is about ten folds higher than
that of pure Cu,O. Importantly, such a transient photocurrent of N-
doped Cu,0@CuO could be switched reversibly and reproducibly by
successive periodic illuminations, again showing the pretty high pho-
tocatalytic stability. Moreover, EIS measurements were conducted to
estimate the kinetics of charge transferring among the photocatalysts in
Fig. 7b. Herein, the Nyquist plots were fitted by a ZSimpWin software
with the corresponding equivalent circuit model of Rs(QRct), con-
taining the solution resistance (Rs), charge transfer resistance (Rct), and
constant phase element (Q) between the modified electrode and elec-
trolyte [41,42]. Clearly, the fitting solid lines might well match with the
experimental results, demonstrating the feasibility of the selected
equivalent circuit model. Furthermore, the fitted values of Rct were
determined to be 336.5, 192, and 2764 for Cu,O after being treated by
N, plasma for 5 min, 10 min, and 15 min, respectively, in contrast to
those of CuO (3606) and Cu,O (551.3). Accordingly, the N-doped
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Cu0@CuO yielded by the 10-min N, plasma treatment should display
the smallest Rct among the other photocatalytic materials, illustrating
the fastest transferring rate of interface charge carriers. The data above
indicate that the so developed photocatalysts could significantly im-
prove the transferring rate and the separation efficiency of photo-
generated electron-hole pairs, resulting in the efficient photocatalytic
H,0, production under visible light.

3.6. Possible photocatalytic pathway

To explore the transfer pathway of photogenerated carriers in the
developed N-doped Cu,O@CuO, the energy band structures of Cu,O
and CuO were first studied through the Mott-Schottky (MS) curves
(Fig. 8a, b). The negative slopes of the MS plots confirm that the Cu,O
and CuO should be the p-type semiconductors. What’s more, the flat
band (FB) potentials of Cu,O and CuO were obtained to be 1.28 and
1.50 V (vs Ag/AgCl), respectively. Further, the FB potentials versus the
reversible hydrogen electrodes (RHE) could be calculated by the for-
mula below (ERgey = 0.199 eV, pH 7.0):[40]

Efb(vsA RHE) = Etb(v&Ag/AgCl) + 0-05916PH + Egg/AgCl
Ecp = Evg — Eg

where Ecp is the conduction band (CB) edge potential, Eyp represents
the value band (VB) edge potential, and Eg is the band gap of the
semiconductor. Therefore, Eg, (vs. rury 0f Cu20 and CuO was calculated
to be about 1.88 and 2.11 eV, respectively. Considering that the Eyp of
p-type semiconductors are generally approximate to the flat band po-
tentials, the Eyg of Cu,O and CuO were thus estimated to be 1.88 and
2.11 eV, respectively. Also, the CB potentials of Cu,O and CuO were
determined to be —0.14 and 0.42 V.

Moreover, it is well known that the photocatalyst may probably
conduct double-channel reaction for H,O, production relying on two
types of active intermediates (‘O,~ and "OH) [43,44]. Hence, the ra-
dical-trapping experiments were first performed to investigate the
possible photocatalytic mechanism for the developed N-doped
CuO@CuO by using different scavengers of IPA and BQ, with the re-
sults shown in Fig. 8c. Obviously, the addition of IPA ('OH scavenger)
could exert no effect on the photocatalytic activity of N-doped
Cu0@Cu0, in contrast to BQ ('O, scavenger) that could conduct the
apparent photocatalytic inhibition. Accordingly, 'O,~ should be the
main reactive species for the N-doped Cu,O@CuO-photocatalyzed H,O,
production.

On the basis of the data above, the possible photocatalysis pathway
of N-doped Cu,O@CuO heterostructure is thus proposed by featuring a
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Fig. 7. (a) Comparable photocurrent responses under visible light irradiation, and (b) electrochemical impedance spectroscopy (EIS) of Cu,O octahedrons before and
after the nitrogen plasma treatment for different time of 5.0, 10, and 15 min to yield N-doped Cu,0@CuO nanocomposites, taking pristine CuO as the control. The
solid lines of Nyquist plotting were fitted by the ZSimpWin software with the corresponding equivalent circuit model (inset).
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two-step single electron transfer (O, — 'O,~ — H,0,), as schematically
illustrated in Fig. 8d. Considering that the CB and VB of Cu,O are more
negative than those of CuO, herein, once the N-doped Cu,0@CuO was
exposed to visible light, the activated electrons (e ) might transfer
from Cu,O to CuO. Meanwhile, the holes (h™) would transfer from CuO
to Cuz0. On one hand, the holes on the VB of Cu,O might be captured
by the doped N, resulting in the efficient separation photogenerated
carriers of the developed photocatalyst. One the other hand, the pho-
togenerated electrons of the photocatalysts might restore the dissolved
oxygen into 'O, ", which might be further turned into H,0, via a two-
step single electron transfer in the oxygen reduction reactions, due to
the CB potential of CuO is more negative than those of O,/'O5~ and °
0O, " /H505. The N-doped Cu,O@CuO-photocatalyzed H>O, production
procedure depending on the reduction amounts of ‘O~ can be de-
scribed in the equations below.

N-doped Cu,0@CuO + hv - e~ + h* @
02 + e — .02_ (2)
7027 + e + 2[‘1+ d HzOz (3)

It is worthy to point out that the doped N might also serve as an
active site for photocatalytic reaction, which might not change the
surface distribution, but improve the photochemical stability of Cu,O-
based catalysts and especially the electron transfer ability towards the
enhanced photocatalysis performances of the developed N-doped
Cu,0@CuO photocatalysts.

4. Conclusions

In summary, an efficient photocatalyst with N-doped Cu,O@CuO
heterostructure was successfully constructed simply by the one-step N,
plasma treatment for Cu,O octahedrons towards the simultaneous N
doping and Cu,O oxidation. The so created heterostructure of N-doped
Cu0@CuO could present the enhanced photocatalytic activities de-
pending on the plasma treatment time. The highest photocatalytic H,O,
production could be achieved for the N-doped Cu,O@CuO fabricated
by 10-min plasma treatment, showing a H,O, production of 12.6 uM
after 60 min of visible light irradiation. Also, it can allow for the effi-
cient photocatalytic H,O, production without the need for any precious
metal or organic scavengers. Herein, the dramatically enhanced activity
of the photocatalytic heterostructure for HO, production is thought to
mainly attributed to the two facts. On the one hand, the CuO derived on
the surface of CuyO by the in-situ oxidization of N, plasma might serve
as a new active site for enriching more photogenerated electrons. On
the other hand, the doped N might improve the charge separation
ability of Cu,O to facilitate the further increased photogenerated elec-
trons. What’s more, the photocatalytic reaction pathway of N-doped
Cu,O@CuO photocatalysts was experimentally demonstrated to feature
a two-step single-electron indirect reduction route (O, — 'O~ —
H,0,). This study may provide a simple, rapid, and controllable plasma
treatment route for the simultaneous N doping and Cu,O oxidation of
the photocatalysts with enhanced photocatalytic performances.
Although the detailed mechanism for the enhancement of photo-
catalytic H,O, production, this controllable heterostructure construc-
tion strategy may be extended for the large-scale design of different
kinds of visible-light-driven photocatalysts with the increased
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utilization of solar energy and conversion efficiencies for efficient
photocatalysis. Therefore, it may promise the wide applications in the
photocatalytic energy, environmental protection, and biomedical
therapy fields.
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