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Fabrication and research of bi-functional CuNi,S4 nanosheets
decorated TiO,/CuNi,S4 heterojunction photoanode for
photoelectrochemical water splitting

Wei Jin(4:f%5), Liyuan Zhang(3K37.4%), Wenjing Zhang(5k ), Qian Sun(f) ),
Dekai Zhang(5Kf#18), Hui Miao(#j£)", and Xiaoyun Hu(#IE =)

School of Physics, Northwest University, Xi’an 710127, China
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As a traditional n-type semiconductor, TiO, has good UV absorption ability and stable physical and chemical prop-
erties. However, its wide band gap and low oxygen evolution reaction (OER) activity limit its application in the field
of photoelectrochemical (PEC) water splitting. In this work, a type-II TiO,/CuNi,S4 heterojunction photoanode is suc-
cessfully constructed, which expanded the light absorption range to visible and enhanced the OER activity. Firstly, TiO,
nanotubes (NTs) thin films are prepared on Ti substrates by two-step anodization, and then the bi-functional electrocat-
alytic material CuNiS4 is grown on TiO, NTs in the shape of nanosheets (NSs) in situ by solvothermal method. As a
bi-functional electrocatalytic material, CuNipS4 has good visible light absorption property as well as OER catalytic ac-
tivity. Compared with TiO,, the IPCE value of TiO»/CuNi;Sy is 2.59% at 635 nm, and that of TiO; is a mere 0.002%.
The separation efficiency and injection efficiency increase from 2.49% and 31.52% to 3.61% and 87.77%, respectively. At
1.23 V vs. RHE, the maximum photocurrent density is 0.26 mA/cm?, which is 2.6 times than that of TiO, (0.11 mA/cm?),
and can be maintained at 0.25 mA/cm? for at least 2 h under light illumination. Moreover, a hydrogen production rate of
4.21 umol-cm~2-h~! is achieved within 2 h. This work provides a new idea for the application of TiO, in the field of PEC

water splitting and the construction of efficient and stable photoelectronic devices.

Keywords: TiO,, CuNi,S4, high stability, photoelectrochemical properties
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1. Introduction

With the continuous development of industry, the over-
exploitation and use of energy cause environmental problems
such as energy shortage and environmental pollution. There-
fore, the development of sustainable and renewable energy
sources is imminent.!'*1 Compared with fossil energy,’®! a
series of new energy sources, such as hydrogen,® wind,!”)
geothermal,®! nuclear,®! and tidal,['”! have green and renew-
able advantages. Among them, hydrogen energy, as a clean en-
ergy with high heat value, has been widely concerned by many
scientists at home and abroad.[!!=131 As we all know, solar en-
ergy is recognized as the most ideal source of energy. There-
fore, how to use solar energy for efficient photoelectrochemi-
cal (PEC) water splitting to produce hydrogen has been exten-

[14-16] Therefore, choosing the right

sively and deeply studied.
semiconductor material is of paramount importance.l’-2!1 As
a traditional hot material, titanium dioxide has attracted much
attention from scientists because of its wide application in
many fields.

TiO; is a traditional n-type semiconductor with a variety
of crystal types and good chemical and thermal stability.[?%23]

Since Fujishima and Honda first used TiO, as photoan-
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ode in 1972, it has been found that titanium dioxide had
excellent electronic and optical properties under ultraviolet
irradiation,[24-27)

With the extensive and in-depth research on tita-
nium dioxide by scientists, titanium dioxide has been
found to have a variety of morphologies, such as nan-
otubes (NTs),[28! nanorods (NRs),?! nanosheets (NSs),%!
nanospheres (NSPs),?!! and nanowires (NWs).32! Compared
with other TiO, nanomaterials, one-dimensional, highly or-
dered TiO; nanotube arrays structure not only has a larger
internal surface area, but also has a very strong adsorption

[33-35] In addition, highly ordered TiO, NTs prepared

capacity.
on Ti substrate by two-step anodization can perform charge
transfer more quickly due to its unique vertical orientation,
thereby inhibiting the recombination of electron—hole pairs
and improving the photoelectric conversion efficiency. 367!
However, due to its large band gap (anatase E, = 3.2 €V, rutile
E, = 3.0 eV), the light absorption of TiO, NTs in the ultravi-
olet region is limited and solar energy cannot be fully utilized.
At the same time, TiO; has poor photoelectrochemical proper-
ties due to its high photo-generated carrier recombination rate

and low OER activity.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Therefore, many attempts have been made to overcome
these shortcomings. Strategies such as doping metal or non-
metal, 33! surface modification,?®! defect introduction!*?! and

heterostructure construction*!]

are employed. Among them,
the construction of heterojunctions by composing other mate-
rials with TiO; has been proven to be an effective method to
improve its photochemical properties. Materials used for this
strategy include metal oxides (CuO,*?! Bi»03,[*3! In, 053441,
metal sulphides and selenides (NiZS3,[45] Bi283,[46] Cds,#7
Sb,S3, 481 SbySes 1), Co(OH),,% graphene,>!?] as well
as some ternary and quaternary sulphides and selenides, such
as CoNiyS4,31 CdIn, S4, 4 and CuzAgInS4.[55] For instance,
Park compounded In;S; on TiO, NTs by the hydrothermal
method, which could well achieve the absorption of visible
light and effective charge separation, thus improving the prop-
erty of PEC.5! Li compounded SnInsSg on TiO, NTs by the
solvothermal method, which was found to have high stability
and low impedance, contributing to the cathodic protection of
Q235.157]

As can be seen, bimetallic sulphides have improved struc-
ture and electrical conductivity compared to monometallic sul-
phides. They have received a lot of attention in recent years
due to their strong light absorption in the visible light absorp-
tion range and their good electron transport properties and sta-
bility. As a bimetallic sulfide, CuNi;S4 has a unique spinel
structure which enables it to have high light ability. CuNi;S4
has a narrow band gap of 2.46 eV, which allows it to absorb
ultraviolet and visible light.’8-6!1 In addition, as an electro-
catalytic material, the synergistic effect of Ni and Cu elements
in CuNiyS4 enables it to have good conductivity, reduce film
resistance, and further enhance its OER activity. The physi-
cal and chemical properties of nanomaterials are mainly de-
termined by their size, structure and morphology. The unique
nanosheets structure of CuNi;S4 could enhance absorption of
visible light and provide more surface reaction active sites,
thereby improving the PEC property. However, very little re-
search has been done on CuNi;S4 in relation to photoelectro-
catalysis. As a bi-functional material, CuNi,S4 has both OER
catalytic activity and good visible light absorption properties,
and the two properties of CuNi,S4 can well compensate for the
two disadvantages of TiO, mentioned above. Therefore, the
fabrication of TiO, with the bi-functional material CuNi»S4 to
improve its PEC property is a reliable measure.

In this study, a novel CuNi;S4 NSs/TiO, NTs heterojunc-
tion thin films were synthesized by two-step anodization and
solvothermal methods. The photoelectrochemical properties
and mechanisms were systematically studied. The above work
provided a new idea for further improving the PEC water split-
ting ability of TiO, photoelectrodes.

2. Experimental details
2.1. Materials

All the reagents were of analytical grade and used without
further purification. Ammonium fluoride (NH4F, > 96.0%)
and thiourea (CH4N,S, > 99.0%) were obtained from Tian-
jin Damao Chemical Reagent Factory. Ethylene glycol (EG,
CyHgO, > 99.0%) and glycerol (C3HgO3, > 99.0%) were pur-
chased from Chengdu Colon Chemical Co., Ltd. Nickel chlo-
ride hydrate (NiCl,-6H>0, > 99.0%) was supplied by Shang-
hai Aladdin Biochemical Technology Co., Ltd. Copper sulfate
pentahydrate (CuSO4-5H>0, > 99.0%) was purchased from
Tianzheng Fine Chemical Reagent Field, Jindong, Tianjin.
Pure Ti (99.99%, 40 mm x 20mm x 0.2mm). All chemicals
and reagents used in the experiment were analytical grade pu-
rity, which can be used directly without further purification.
The water used for preparing electrolyte and washing in the

whole process was deionized water.

2.2. Fabrication of TiO, NTs

Place Ti foil substrate was etched in 100 ml mixed solu-
tion (HF:HNO3:H,O = 1:4:5) for 2 h, and then washed with
deionized (DI) water and ethanol to successfully remove the
residue. Titanium dioxide nanotubes were prepared in situ on
Ti substrate by two-step anodic oxidation method with self-
made equipment. Ti foil was used as anode and high-purity
graphite rod as cathode, with a distance of 3 cm between them.
In the electrolyte, containing 0.587 g NH4F, 2 ml H,O, 98 ml
EG and 0.587 g NH4F, 30 ml H,O and 70 ml C3HgO3, respec-
tively, two-step anodic oxidation was carried out at 60 V for
1.5 h and 40 V for 4 h. After ultrasonic treatment at each step,
in order to convert amorphous titanium dioxide into relatively
stable anatase phase, the obtained samples needed to be trans-
ferred to a muffle furnace at 450 °C for heating for 2 h at a

heating rate of 5 °C-min~!.

2.3. Preparation of the TiO,/CuNi,S, heterostructure

First, the prepared TiO, was repeatedly washed with
deionized water and dried for standby. Due to the conductivity
of both sides of the titanium sheet, the side with better TiO,
film formation was selected as the use side and placed in the
autoclave lined with 100 ml polytetrafluoroethylene to make
its four corners contact with the bottom and wall of the con-
tainer to ensure its stability in the container. Based on the pre-
pared TiO; thin film photoelectrode, the TiO,/CuNiyS4 het-
erojunction was prepared by one-step solvothermal method.
Then, 0.1498 g CuSO4 - 5H,0 and 0.2852 g NiCl,-6H, O were
put into a beaker containing 20 ml of deionized water, and
fully mechanically stirred at room temperature for 10 min with
a magnetic stirrer. Next, added 20 ml of prepared ethanol so-
lution to the beaker, and continued to stir for 10 min to fully
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mix the solution. Finally, 0.548 g of thiourea was added to
the beaker, and then fully stirred for 10 min. The color of
the solution changed from light blue to turquoise green, and
then the mixed solution was transferred to the polytetrafluo-
roethylene lined autoclave for sealed heating. After the reac-
tion, all TiO,/CuNi;S4 heterojunction samples were washed
with deionized water several times and kept dry at 60 °C. On
the basis of reaction for 20 h, TiO,/CuNi,S4 heterojunction
samples were prepared by changing the temperature (includ-
ing 160 °C, 180 °C, 200 °C). Then the reaction temperature
was fixed at 180 °C, and the TiO,/CuNi,S4 heterojunction was
prepared by changing the time (including 20 h, 24 h, 28 h).

2.4. Characterization measurements

Without special instructions, all TiO,/CuNi,S4 hetero-
junctions used for characterization were prepared at 180 °C
for 20 h. Using the x-ray power diffractometer (Shimadzu,
XRD-6000, Cu-K o Radiation, A = 0.154056 nm) to analyze
the crystal phase and crystal size of the sample, and analyze
the crystal phase at the scanning rate of 0.1°-s~! in the range
of diffraction angle of 10°-70°.
mental composition of the sample were observed by JSM-

The morphology and ele-

6390A scanning electron microscope (SEM) equipped with
energy dispersive x-ray spectroscopy (EDS). The microstruc-
ture and lattice structure of the samples were observed by
transmission electron microscopy (TEM, Tecnai G2F20 S-
double field emission transmission). The optical properties of
the samples were measured and analyzed in the range from
200 nm to 1200 nm by using a UV-vis-NIR spectrophotome-
ter (PerkinElmer Lambda 950). By x-ray photoelectron spec-
troscopy (XPS, ULVAC-PHI, PHI5000 VersaProbell) with Al
Ko as an x-ray source and C 1s (binding energy 284.8 eV) was
used as a reference calibration to analyze the chemical compo-

sition and corresponding element valence of the sample.

2.5. Photoelectrochemical measurements

The electrochemical workstation (Versa STAT 4, Prince-
ton, USA) was used to measure the photoelectrochemical
property (PEC) of the sample. The xenon lamp (Zolix, 300 W,
Sirius 300 P) provided 100 mW-cm—2 (AM 1.5G) light in-
tensity for the test sample surface as a light source at room
temperature. The three-electrode structure composed of plat-
inum wire (counter electrode, CE), optical electrode (working
electrode, WE) with an exposure area of 0.785 cm? and satu-
rated Ag/AgCl (reference electrode, RE) was put into a neutral
electrolyte solution (0.5 M Na;SQOy, pH = 7.0) for testing. All
other tests were carried out in 0.5 M Na,SO4 neutral solution,
except that the sacrificial agent containing 0.35 M Na,SO3 and
0.25 M Na;,S (pH = 12.5) was used to measure the charge sep-

aration efficiency and charge injection efficiency of the sam-
ple.

The linear sweep voltammetry (LSV) curve was drawn
from —0.1 V to 0.8 V vs. RHE. Ag/AgCl electrode at a scan-
At 1.23 V vs. RHE, the in-
cident photon to current conversion efficiency (IPCE) curve

ning speed of 100 mV-s~!

was measured using different single-wavelength light emit-
ting diodes (LED light source, Zolix MLED4-3) and optical
power meters (NOVA IIOPHIR, Israel). Under the open circuit
and AM 1.5G light irradiation, the electrochemical impedance
spectroscopy (EIS) was measured at the starting frequency of
100 kHz and the ending frequency of 0.01 Hz. The Mott
Schottky (MS) diagram with an AC amplitude of 10 mV and
frequency of 1000 Hz was obtained in the dark. Put the sample
in the neutral electrolyte solution (0.5 M Na;SOy4, pH = 7.0),
and monitor the hydrogen generation online by GC-7900 gas
chromatograph.

Details about formula transformation and computation
are provided in the support information. Figure 1 is the prepa-
ration diagram of TiO,/CuNi,S4 heterojunction.

Amorphous — anatase

450 °C anneal

' Graphite electrode I
Ti foilq i-'FElectrode \ y

Muffle furnace

——

Two-step anodization method

CuNi,S,; NSs on TiO, NTs Hydrothermal method

Fig. 1. Schematic diagram of preparation of TiO,/CuNiyS4 composite
photoelectrode.

3. Results and discussion
3.1. Morphology and structural characterization

The x-ray diffraction (XRD) of the monomer TiO, nan-
otube and TiO»/CuNi;S4 composite sample is shown in Fig. 2.
It can be seen that the TiO, monomer has a sharp and strong
diffraction peak, indicating that the prepared monomer has
good crystallinity. The six diffraction peaks at 25.37°, 37.05°,
37.91°, 48.16°, 54.05° and 55.20° correspond to the (101),
(103), (004), (200), (105) and (211) crystal planes of anatase
TiO, (JCPDS No. 73-1764), respectively, while the diffrac-
tion peaks at 35.33°, 38.68°, 41.15°, 52.90° and 63.26° re-
spectively correspond well to the (100), (002), (101), (102)
and (110) crystal planes of metal Ti (JCPDS No. 44-1294). It
shows that TiO, photoelectrode material has been successfully
prepared on Ti substrate by a simple two-step anodic oxida-
tion method. In addition, after in-situ synthesis of CuNiyS4 by

solvothermal method on the surface TiO, NTs, new diffraction
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peaks are added. The diffraction peaks at 16.28° and 31.47°
match the (111) and (311) crystal faces of the CuNiS4 spinel
phase (JCPDS No. 24-0334), and there are no other impurity
peaks, indicating the TiO,/CuNiS4 heterojunction success-
fully constructed. The XRD plots of the monomeric CuNi;S4
(Fig. S1), prepared on ITO, show seven diffraction peaks at
16.3°, 26.7°, 31.5°, 38.1°, 47.2°, 50.2° and 55° that corre-
spond to the (111), (220), (311), (400), (422), (511) and (440)
crystallographic planes of CuNi;S4 (JCPDS No. 24-0334), re-
spectively. This indicates that the preparation of CuNi;Sy

monomer is successful.

v-Ti &-CuNi,S, v ——— Ti0,/CuNi,S,
+-TiO,
= = | v
Lo k 2 Y . v
- 2 Yo
E ; : ——TiO,
E
= L N A ) X
2 ; ‘ TiO, JCPDS 73-1764
z é :
% : L | 11 .
= g ; CuNi,S, JCPDS 24-0334
i : | ‘. ‘ — | | ‘ P
20 40 60

20 ()

Fig. 2. XRD patterns for TiO, and TiO,/CuNi,Sy.

The prepared samples are characterized by scanning elec-
tron microscopy (SEM), and the morphology and distribution
characteristics of pure TiO, nanotubes and TiO,/CuNi;S4 het-
erojunction are observed. As shown in Fig. 3(a), the TiO,
monomer film is composed of a number of smooth and flat
nanotube arrays with a diameter of about 180 nm. Each nan-
otube is evenly distributed on the Ti substrate, indicating that
the high-quality vertically grown TiO, NTs film was success-
fully prepared by two-step anodization. The unique struc-
ture of the nanotube can enable the electrons to carry out
unidirectional transportation along the tube wall.[%?! There-
fore, the TiO, nanotube structure can simultaneously act as
an electron transport layer to promote the transportation of
photo-generated electrons, thus promoting the effective sep-
aration and transfer of photo-generated carriers. As can be
seen from Fig. 3(b), retaining the original morphology of TiO,
nanotubes, CuNi;S4 prepared by solvothermal method is con-
nected on the surface of TiO; in the form of nanosheets, which
increases the specific surface area and surface active sites,
thus enhancing the light capture, absorption, and OER reac-
tion kinetics. In addition, Fig. 3(b) also clearly shows that 2D
CuNiyS4 NSs tend to self-assemble and grow randomly on 1D

TiO, NTs along the inner and outer walls of nanotubes as well

as pores. The EDS spectra of TiO,/CuNi,S4 composite film in
Fig. 3(e) prove the existence of Cu, Ni, S, Ti and O elements,
and the uniform distribution of each element can be reflected
from the corresponding element mapping image (Figs. 3(f)—
3G))-

The microstructure and morphology of TiO,/CuNi;S4 are
characterized by transmission electron microscopy (TEM).
Figures 3(c) and 3(d) are TEM image of TiO,/CuNi;S4 and
their corresponding high-resolution transmission electron mi-
croscopy image (HRTEM), respectively. From Fig. 3(c), it can
be seen that small CuNi,S4 nanosheets are wrapped around the
TiO, NTs tube wall and also distribute on the TiO, NTs tube
nozzle. In Fig. 3(d), a lattice stripe with a lattice spacing of
0.166 nm can be clearly observed at the TiO, NTs tube nozzle,
which belongs to the (440) crystal plane of CuNiyS4. At the
same time, a lattice stripe with a lattice spacing of 0.351 nm
can be observed on the tube wall, which belongs to the (101)
crystal plane of TiO».

Fig. 3. (a) and (b) SEM images of TiO, and TiO,/CuNi,S4. (c) and
(d) The TEM and HRTEM images of TiO,/CuNi;S4. (e) EDS spectra of
TiO2/CuNiyS4. (f)—(j) Elemental mapping images of TiO,/CuNiyS4.

X-ray photoelectron spectroscopy (XPS) is used to fur-
ther analyze the element composition and chemical valence.
All measured peak positions are calibrated with reference to
the binding energy (284.8 eV) of C Is. As shown in the full
spectra of all samples in Fig. 4(a), it is confirmed that there are
Cu, Ni, S, Ti and O elements in the composite. In the high-
resolution XPS spectra of Ti 2p (Fig. 4(b)), the two binding
energy peaks at 458.67 eV and 464.34 eV can be attributed to
the Ti 2p3/, and Ti 2py /», indicating that the Ti ion is in the
Ti** state in TiO,.!%3] Compared with the monomer TiO», the
binding energy of Ti 2p in the TiO,/CuNiyS4 heterojunction
shifts negatively about 0.02 eV, and the spin—orbit splitting en-
ergy of Ti 2p3 /, and Ti 2p, /; remains unchanged, which means
that the Ti ion remains in the Ti** state. Figure 4(c) shows the
peaks at 529.94 eV and 531.42 eV, corresponding to Ti—-O-Ti
bond (lattice oxygen) and H-O-H bond (adsorbed oxygen) of
H,0 molecule adsorbed on the sample surface.®* The posi-

tion of the O 1s peak of the composite sample does not shift
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after CuNiyS4 is decorated, which indicates that O 1s still ex-
ists in the form of hydroxyl.[%! The XPS pattern of Cu 2p in
Fig. 4(d) shows four peaks at 931.83 eV, 933.46 eV, 951.53 eV
and 954.89 eV. The peaks at 931.83 eV and 951.53 eV repre-
sent the Cu 2p3/, and Cu 2p, /, respectively, indicating that
the Cu element has a +1 valence in CuNiyS4. The other two
peaks at 933.46 eV and 954.89 eV correspond to the charac-
teristic peaks of divalent copper, indicating that the element
Cu also has a 42 valence in CuNi;S4. In the XPS pattern
of Ni 2p (Fig. 4(e)), the peaks at 855.41 eV and 861.00 eV
are Ni 2p3, characteristic peaks and corresponding satellite
peaks, respectively. Meanwhile, the peaks at 8§73.43 eV and
879.77 eV are Ni 2p; /, characteristic peaks and correspond-
ing satellite peaks, respectively,[%®! indicating that the valence
state of Ni is +3. In Fig. 4(f), the two binding energy peaks
at 161.06 eV and 162.27 eV can be attributed to S 2p3/, and
S 2py/,, indicating that S ion is in the S%~ state. It can be
seen from Figs. 4(d)—4(f) that the peaks corresponding to Cu,
Ni and S elements in TiO2/CuNiyS4 samples move slightly to
higher binding energy in different degrees compared with pure
CuNi,Sy4, and the increase of binding energy indicates that

electrons flow from CuNi;Sy4 to TiO;. In order to further study
whether the composition and structure of TiO,/CuNiyS4 het-
erojunction photoanode have changed, we further performed
XRD and XPS tests on the composite photoelectrodes before
and after the photoelectrochemical tests. The XRD patterns
shown in Fig. S2(a) indicated that the diffraction peak posi-
tions and diffraction peak intensities of the composite pho-
toelectrode before and after the PEC test had no significant
change. The results showed that the composition of the com-
posite photoelectrode had not changed. Meanwhile, a compar-
ison of the elemental XPS high-resolution spectra of the com-
posite photoelectrode before and after the test revealed that
the fitted peak position and the fitted peak area were slightly
changed (Figs. S2(b)-S2(f)). In addition, the presence of Niz+
peak was found in the XPS high resolution spectra of Ni 2p.
Through further investigation, it was found that this is because
during the oxidation of water, Ni3* in CuNiySs would first
provide holes to the electrolyte and be reduced to Ni** it-
self. Subsequently Ni** would in turn receive holes from the
CuNi,S4 valence band, which leads to its own oxidation to
Ni*, thus forming a closed-loop reaction.
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Fig. 4. (a) XPS survey spectra, (b) Ti 2p, (c) O 1s, (d) Cu 2p, (e) Ni 2p, and (f) S 2p high-resolution XPS patterns for pure TiO,, CuNipS4 and

TiO,/CuNiyS4 photoanodes grown on Ti substrate.

3.2. Optical absorption properties

The optical absorption characteristics of the sample are
further characterized by UV-vis-NIR diffuse reflectance spec-
tra. As shown in Fig. 5, the overall absorption strength of the
composite sample is higher than that of the monomer TiO;.
Because the absorption band edge of CuNiySs (516 nm) is
close to the absorption band edge of TiO; (382 nm), as shown

in Fig. S3, the curve near the absorption band edge of TiO;
NTs is generally steep, which makes the absorption band edge
of CuNi;S4 is not very obvious. The absorption spectra of
monomer CuNi;Sy are shown in Fig. S3(c). Compared with
the TiO, NTs arrays uniformly arranged on the Ti substrate,
CuNi,S4 grows randomly along the inner and outer walls of

the nanotubes and nozzles on 1D TiO, NTs in the form of
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nanosheets, which makes light reflect on the sample surface
and further scatter to different angles, thus enhancing the abil-
ity of light capture and absorption of the sample. The band
gap (E,) is calculated by the following equation:

(ahv)" =A (hv—E,), (1)

where o is the absorption coefficient, v represents the en-
ergy of the incident photon, and A is a constant. When n = 2,
it represents a direct band gap, and when n = 1/2, it represents
an indirect band gap.!®”) According to this formula, the band
gaps of TiO, and CuNi;S4 are 3.2 eV and 2.46 eV as shown
in Figs. S3(b) and S3(d), respectively.

H
2

——Ti0,/CuNi,S,
— TiO,

H
s

—_
N
!

1.0+

Absorbance (arb. units)

1000

200 400 600 800
Wavelength (nm)

1200

Fig. 5. UV-vis-NIR diffuse reflectance spectrum of TiO, and
TiOz/CUNizS4.

3.3. Photoelectrochemical property of photoelectrodes

Under the irradiation of simulated sunlight (AM 1.5G),
the photoelectrochemical properties of TiO,/CuNi,S4 hetero-
junction photoanode are measured using a self-made PEC cell.
The electrolyte in the test usually uses an aqueous solution
containing 0.5 M NaSOy4. According to the theory of wa-
ter oxidation potential,[®®! when measuring the photoanode
property of materials, the photocurrent density of electrodes
at 1.23 V vs. RHE is usually used as the evaluation index of
PEC property. Figure S4 shows the linear sweep voltametric
curve (LSV) of TiO,/CuNi, Sy prepared in the same solvent at
different reaction temperature and time. It can be clearly seen
from Fig. S4 that the shorter the reaction time, the lower the
dark current of the composite sample. LSV and J—t curves
have little overall change over time. The photochemical prop-
erties of a material are closely linked to its response to sun-
light. The photocurrent density reflects the material’s ability
to respond to light, while the dark current density is related
to the material’s electrical conductivity. CuNi;Sy4, due to the
introduction of Cu, has good electrical conductivity. However,
to test the material’s response to sunlight, it is advisable to se-
lect conditions that result in low dark current. Combined with

all temperature and time gradients, the experiments show that

TiO,/CuNiyS4 prepared at 180 °C for 20 h has high photocur-
rent density and low dark current density, and its photocur-
rent current is about 0.26 mA/cm? (1.23 V vs. RHE). Com-
pared with the monomer TiO;, (0.11 mA/cmz), it is 2.5 times
higher (Fig. 6(a)). It is believed that CuNiyS4 is grown on
the surface of TiO, nanotubes, which thus could effectively
promote the transportation of photo-generated carriers. As is
known, the stability is very important for the long-term PEC
water splitting. Figure 6(b) shows the photocurrent density-
time curve of TiO,/CuNi;S4 composite photoelectrode tested
for 2 h in 0.5 M Na,SO;4 solution and under full open light. It
can be seen that the TiO,/CuNi,S4 composite sample prepared
under the optimum reaction conditions of 180 °C for 20 h,
whose photocurrent density first decreased and then stabilized
at 0.25 mA/cm?, which is about 2.5 times higher than that
of TiO, monomer (0.11 mA/cm?). The results show that the
TiO,/CuNiyS4 heterojunction photoanode has a high stability
during the long-term PEC process. In order to make a more in-
tuitive comparison of the PEC performance of TiO,/CuNiSy
photoanodes with that reported in other literature, Table S1 is
presented. It can be seen from Table S1 that the performance
of TiO, NTs photoanodes modified by bifunctional material
CuNi, Sy is higher than that of TiO, photoanodes modified by
other materials. It is well known that Ni ion has good cat-
alytic activity. In the process of PEC water splitting, Ni>*
is reduced to Ni%t as the reactive site, and Ni?* is oxidized
to Ni** by holes in the valence band of CuNi,Sy, thus pro-
moting the kinetics of OER reactivity. The combined effect
of the elements Cu and Ni makes CuNi,S4 as a bi-functional
material. It not only has good visible light absorption at the
same time, but also has a good OER catalytic activity. Subse-
quently, the corresponding J—¢ curve and actual hydrogen pro-
duction curve are obtained by continuously reacting for 2 h in
a 0.5 M NaySO4 neutral solution, as shown in Fig. S5. The
TiO,/CuNiyS4 heterojunction has been shown to have high
stability and good hydrogen production capacity, as evidenced
by the match between the theoretical and actual hydrogen pro-
duction curves in Fig. S5. The sample has a hydrogen pro-
duction rate of 4.21 umol-cm~2-h~! and an average hydrogen
production efficiency (1) of 91.48% within 2 h.

In order to further study the influence of the construc-
tion of TiO»/CuNi;S4 heterojunction on the enhancement of
photocurrent density, the bulk charge separation efficiency and
surface charge injection efficiency of the sample are calculated
(Figs. 6(c) and 6(d)). The solar spectrum and maximum theo-
retical photocurrent density of TiO; and TiO,/CuNi,S4 curves
are shown in Fig. S6. In Fig. 6(c), the bulk charge sepa-
ration efficiency of TiO,/CuNiyS4 is 3.61%, which is about
1.4 times than that of TiO, monomer (2.49%). The results
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of bulk charge separation efficiency show that TiO,/CuNiSy
heterojunction can promote the separation of photo-generated
electron—hole pairs, and finally improve the photocurrent re-
sponse. It can be clearly seen from Fig. 6(d) that at 1.23 V vs.
RHE, the injection efficiency of TiO,/CuNi;Sy is as high as
87.77%, which is much higher than 31.52% of the monomer
TiO,. The above improvement of injection efficiency shows
that the formation of TiO,/CuNi»S4 heterojunction can ef-
fectively promote more photo-generated hole transport to the
sample interface to participate in the oxidation reaction.

o
o

E i (b) ——Ti0,/CuNi,S,
2 2 — TiO;
= =04 2
g g
~ S 0.3
2 2
g 0.26 mA /cm? § 02
z 0.10 mA /cm? z
- . m cm -
E £ 01
5 5
O o 0 : =
06 08 1.0 12 14 1000 3000 5000 7000
Potential (V vs. RHE) Time (s)
4.0 100 - -
(¢) —TiO,/CuNi,S, (d) ——TiOy/CuNi,S, ;
3.8 .
TiO,
= 3.6 ] <
g3 | 8
2 3.2 u 50
: 3.0 £
2 2.8 =
2.6
2.4 0
06 08 10 12 14 06 08 10 1.2 1.4
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Fig. 6. (a) The J-V curves of TiO,/CuNi,S4 heterojunction. (b) Two
hours’ stability diagram of TiO,/CuNi;S4. (c) Charge separation effi-
ciency and (d) charge injection efficiency of all samples.

In order to further study the interface charge transfer pro-
cess, we use electrochemical impedance spectroscopy (EIS) to
characterize the samples. EIS measurement is conducted un-
der simulated AM 1.5G illumination and open-circuit voltage
conditions. The measured arc radius is related to the charge
transfer process at the corresponding electrode and electrolyte
interface. Generally, the smaller the radius of the arc, the lower
the transfer impedance of the electrode to the electrolyte. As
shown in Fig. 7(a), the electrochemical impedance curves of
the monomer TiO, and TiO,/CuNiyS4 composite samples are
semi-circular. In addition, the arc radius of TiO,/CuNi»Sy
composite sample is significantly smaller, which indicates that
TiO,/CuNi;S4 has a lower transfer resistance. This small
transfer resistance is conducive to the migration of holes, thus
promoting the water oxidation reaction ability at the interface.
At the same time, the carrier lifetime of the sample can be
calculated using the corresponding frequency of the character-
istic peak in the Bode phase curve, as shown in Fig. S7, for
the relevant calculation equation and test results. According
to the relevant results tested (Fig. S7), the TiO,/CuNi,S4 het-
erojunction (0.078 s) has a lower carrier lifetime compared to
the monomeric TiO; (0.2 s). The lower carrier lifetime indi-

cates that carriers can reach the surface of the object and the

counter electrode faster to participate in redox reactions, re-
ducing the chance of carrier recombination and thus improv-
ing PEC property.

In order to evaluate the ability of incident photons to con-
vert into electrons, the ability of absorbing photons to con-
vert into electrons (related to the light absorption of the mate-
rial itself) and the ability of photons to convert into electrons
under different bias voltages, the IPCE, APCE and ABPE
curves of TiO, and TiO,/CuNi;S4 heterojunction are calcu-
lated with reference to the supporting information (Eqs. S5—
S7, IPCE, APCE and ABPE calculation formulas). As
shown in Figs. 7(b) and 7(c), the IPCE and APCE values of
TiO2/CuNizS4 at 635 nm are 2.59% and 2.82%, respectively.
Meanwhile, the IPCE and APCE values of monomeric TiO;
at 635 nm are 0.002% and 0.002%, respectively. Figure 7(d)
shows the ABPE under different applied bias voltages. The
maximum values (0.057% and 0.039%) are found at 0.85 V vs.
RHE and 0.78 V vs. RHE for TiO,/CuNi;S4 and TiO,, respec-
tively. These data indicate that the IPCE, APCE and ABPE
values of TiO,/CuNi,S4 are higher than those of monomeric
TiO, under different single-wavelength light illumination and

application of different bias conditions.

0.8 3.0

—~TiO, 2.59% -
——Ti0,/CuNi,S, 2.579.21% ~TiO,/CuNi,S,
~ 0.6 TiO,
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Fig. 7. Monomer TiO, and TiO,/CuNi;Sy4 (a) Nyquist plots (EIS) under
AM 1.5G illumination, the equivalent circuit model is shown in the illus-
tration for data fitting, (b) IPCE spectra, (c) APCE spectra and (d) ABPE
spectra.

Then, in order to verify the conductivity type and flat band
potential (Ew,) of the prepared samples, the Mott—Schottky
(MS) curves are measured under the dark condition with the
test frequency of 1000 Hz. Figures 8(a) and 8(b) are the MS
curves of TiO, monomer and CuNi;S4 monomer, respectively.
It can be seen from the MS diagram that the tangents of the
MS curves of TiO, and CuNi,Sy4 are both positive, indicating
that they are n-type semiconductors. At the same time, the flat

band potential (Ey,) of the sample can be calculated by using
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the formula as follows:

1 2(E—Ep—%L) 5
c? Npeeg ’ @)

where C represents the space capacitance and e is the elemen-
tary charge quantity (1.6 x 10~'° C), &y represents vacuum di-
electric constant (8.85 x 1072 F-m~"), E is the applied bias
voltage, Np is the carrier concentration (cm™3), Ep, is the flat-
band potential, 7 is the temperature, and K is the Boltzmann
constant (1.38 x 10723 J.K~!). Therefore, the flat-band poten-
tial (Eg,) of TiO, and CuNi,S4 can be estimated to be 0.79 V
and 0.69 V through the intersection of the tangent of the MS
curve of the corresponding sample and the X axis. The relative
distance between the Fermi energy level of the sample and the
valence band of the semiconductor is measured by XPS va-
lence band spectrum (Figs. 8(c) and 8(d)). Then, according to
the position of Fermi energy level obtained by MS, the spe-
cific position of semiconductor valence band is deduced. As
a result, the valence band (Ey) of TiO, and CuNi;S4 can be
deduced as 2.23 eV and 1.22 eV.

80

easily transferred to the TiO, conduction band, and then trans-
ferred to the counter electrode through the external circuit to
participate in the reduction reaction. In addition, the holes on
the TiO, valence band are transferred to the CuNi»Sy4 valence
band, and then move to the surface of CuNi,Sy to participate
in the oxidation reaction.

In order to better elucidate the charge transfer mechanism
within the heterojunction, the mechanism diagram of PEC wa-
ter splitting of TiO,/CuNi;S4 was constructed (Fig. 10). Un-
der the excitation of solar light, the electrons in the valence
band of TiO, and CuNi,S4 were excited into the conduction
band, thus leaving a large number of holes in the valence band.
Meanwhile, electrons in the CuNi»S4 conduction band would
be transferred to the counter electrode through the TiO, con-
duction band for hydrogen evolution reaction (HER) to pro-
duce hydrogen, while holes in the TiO; valence band would be
transferred to the interface between the photoelectrode and the
electrolyte through the CuNi,Sy4 valence band for OER to pro-
duce oxygen. Ni ion with good catalytic activity in CuNiySy
promoted the kinetics of OER reaction. In addition, the con-
struction of the typical type-II heterojunction could effectively

—— CuNi,S, — TiO . . .

15 @ He (b) e realize the separation of photo-generated carriers, thus pro-
& 60 . . e
S o & moting the improvement of PEC water splitting property.
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Fig. 8. Mott—Schottky curves of (a) CuNiyS4 and (b) TiO,. XPS valance
band spectra of (¢) CuNi,Sy and (d) TiO,.

In addition, the conduction band position of the monomer
can be marked by the Tauc diagram of TiO, and CuNi»Sy4 in
Figs. S3(b) and S3(d). According to the Fermi level and va-
lence band position of semiconductor, a complete energy level
structure diagram can be drawn to analyze the type of hetero-
junction formed. As shown in Fig. 9, the Fermi energy level
of TiO, is more positive than that of CuNi;S4. When the two
semiconductors contact, the Fermi level of TiO, moves up-
ward and the Fermi level of CuNi,S4 moves downward until
it reaches the equilibrium state. The energy band structure
diagram of the TiO,/CuNi,S4 heterojunction shows the char-
acteristics of type-II scheme heterojunction. It can be seen

that the electrons on the CuNi,S4 conduction band are more

Fig. 9. The band gap structure of TiO, and CuNi,S4 before and after
contact.
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Fig. 10. The type-II scheme charge transfer mechanism between TiO,
and CuNi,Sy4 under simulated light.
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4. Conclusion

We had successfully prepared TiO,/CuNiySs type-1I
heterojunction through a simple two-step anodic oxidation
method and solvothermal method. The defects of TiO; itself
were improved by exploiting the high OER activity and good
visible light absorption properties of the bi-functional mate-
rial CuNipS4. The photocurrent density of the TiO,/CuNiSy
composite photoelectrode was 2.6 times higher than that of
the TiO, monomer, and the composite photoelectrode still ex-
hibited a photocurrent density of 0.25 mA/cm? (at 1.23 V vs.
RHE) after 2 h of stability testing, demonstrating its high sta-
bility. At the same time, a stable hydrogen production rate
(4.21 pmol-cm~2-h~!) was achieved in a continuous 2 h hy-
drogen production test. It was found that the enhancement of
PEC property was mainly due to the efficient transportation
channel of electrons by TiO, NTs, the formation of type-II
heterojunction, and the good photostability of CuNi,S4 as an
electrocatalytic material, as well as its high OER activity as a

co-catalyst.

Acknowledgments

Project supported by the National Natural Science Foun-
dation of China (Grant Nos. 11974276 and 11804274), the
Natural Science Foundation of Shaanxi Province of China
(Grant No. 2023-JC-YB-139), the Open Research Fund of
State Key Laboratory of Transient Optics and Photonics, and
the Chinese Academy of Sciences (Grant No. SKLST202211).

References
[1] Li S, Wang C, Cai M, Yang F, Liu Y, Chen J, Zhang P, Li X and Chen
X 2022 Chem. Eng. J. 428 131158
[2] Yang W and Moon J 2019 ChemSusChem 12 1889
[3] Vickers N J 2017 Curr. Biol. 27 R713
[4] Mufutau O B 2021 Energy 228 120519
[5] Leonard M D, Michaelides E E and Michaelides D N 2020 Renew. En-
erg. 145951
[6] Lebrouhi B E, Djoupo J J, Lamrani B, Benabdelaziz K and Kousksou
T 2022 Int. J. Hydrogen Energy 47 7016
[7] Liu L, Wang Y, Wang Z, Li S, Li J, He G, Li Y, Liu Y, Piao S, Gao Z,
Chang R, Tang W, Jiang K, Wang S, Wang J, Zhao L and Chao Q 2022
Resour. Conserv. Recycl. 180 106155
[8] LiZ, Luo Z, Wang Y, Fan G and Zhang J 2022 Renew. Energ. 184 564
[9] Wang G, Chao Y, Jiang T and Chen Z 2022 Sci. Total Environ. 814
151927
[10] Darmawi, Sipahutar R, Bernas S M and Imanuddin M S 2013 Renew.
Sust. Energ. Rev. 17 213
[11] Dawood F, Anda M and Shafiullah G M 2020 Int. J. Hydrogen Energy
45 3847
[12] Sazali N 2020 Int. J. Hydrogen Energy 45 18753
[13] Tarhan C and Cil M A 2021 J. Energy Storage 40 102676
[14] Niu F, Wang D, Li F, Liu Y, Shen S and Meyer T J 2019 Adv. Energy
Mater. 10 1900399
[15] Arifin K, Yunus R M, Minggu L J and Kassim M B 2021 Int. J. Hydro-
gen Energy 46 4998

[16] Reddy C V, Reddy K R, Shetti N P, Shim J, Aminabhavi T M and
Dionysiou D D 2020 Int. J. Hydrogen Energy 45 18331

[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]
[48]
[49]
[50]
(51]

[52]

118201-9

Guo X, LiM, Qiu L, Tian F, He L, Geng S, Liu Y, Song Y, Yang W and
Yu Y 2023 Chem. Eng. J. 453 139796

Wang Y, Qiu L, Bao S, Tian F, Sheng J, Yang W and Yu Y 2023 Sep.
Purif. Technol. 316 123779

Zhang X, Gao M, Qiu L, Sheng J, Yang W and Yu Y 2023 J. Energy
Chem. 79 64

Zhang X, Gao M, Qiu L, Yang W and Yu Y 2023 Chem. Eng. J. 465
142747

Zhang X, Tian F, Lan X, Liu Y, Yang W, Zhang J and Yu Y 2022 Chem.
Eng. J. 429 132588

Gao J, Xue J, Jia S, Shen Q, Zhang X, Jia H, Liu X, Li Q and Wu Y
2021 ACS Appl. Mater. Interfaces 13 18758

Zhang W, Xue J, Shen Q, Jia S, Gao J, Liu X and Jia H 2021 J. Alloys
Compd. 870 159400

Lin S W, Tong M H, Chen Y X, Chen R, Zhao H P, Jiang X, Yang K
and Lu C Z 2023 ACS Appl. Energy Mater. 6 1093

Hou J, Kong L, Xie Y, Ma J, Liu Y, Chen M and Wang Q 2022 Ceram.
Int. 48 3941

Zhang S, Liu Z, Chen D, Guo Z and Ruan M 2020 Chem. Eng. J. 395
125101

JiaY, Liu P, Wang Q, Wu Y, Cao D and Qiao Q A 2021 J. Colloid Inter.
Sci. 585 459

Gao B, Sun M, Ding W, Ding Z and Liu W 2021 Appl. Catal. B 281
119492

Song X, Zhou H and Jiang C 2021 Chin. Phys. B 30 058505

Cheng Q, Yuan Y J, Tang R, Liu Q Y, Bao L, Wang P, Zhong J, Zhao
Z,YuZ T and Zou Z 2022 ACS Catal. 12 2118

Song Y, Waterhouse G I N, Han F, Li Y and Ai S 2021 ChemCatChem
13 2931

Zimbone M, Cantarella M, Impellizzeri G, Battiato S and Calcagno L
2021 Molecules 26 1420

Meng M, Li C, Li J, Wu J, Feng Y, Sun L, Yuan H and Liu K 2023 J.
Phys. D: Appl. Phys. 56 055502

Tong M H, Wang T M, Lin S W, Chen R, Jiang X, Chen Y X and Lu C
72023 Appl. Surf. Sci. 623 156980

Xiao Z, Cheng S, Liao W, Fan D, Lu H and Liu Y 2022 Int. J. Elec-
trochem. Sci. 17 220817

Frank A J, Kopidakis N and Lagemaat J V D 2004 Coord. Chem. Rev.
248 1165

Mor G K, Shankar K, Paulose M, Varghese O K and Grimes C A 2005
Nano Lett. 6 215

Hejazi S, Mohajernia S, Osuagwu B, Zoppellaro G, Andryskova P,
Tomanec O, Kment S, Zboril R and Schmuki P 2020 Adv. Mater. 32
1908505

Park H, Park Y, Kim W and Choi W 2013 J. Photoch. Photobi. C 15 1
Jia G, Wang Y, Cui X, Zhang H, Zhao J, Li L H, Gu L, Zhang Q, Zheng
L, Wu J, Wu Q, Singh D J, Li W, Zhang L and Zheng W 2022 Matter
5206

Xu A, Tu W, Shen S, Lin Z, Gao N and Zhong W 2020 Appl. Surf. Sci.
528 146949

Singh J, Juneja S, Soni R K and Bhattacharya J 2021 J. Colloid Inter-

face Sci. 590 60

Tang T, Yin Z, Chen J, Zhang S, Sheng W, Wei W, Xiao Y, Shi Q and
Cao S 2021 Chem. Eng. J. 417 128058

Li Y, Wu Q, Chen Y, Zhang R, Li C, Zhang K, Li M, Lin Y, Wang D,
Zou X and Xie T 2021 Appl. Catal. B 290 120058

Hou L, Bu Q, Li S, Wang D and Xie T 2016 RSC Adv. 6 99081
Ahmad A, Tezcan F, Yerlikaya G, Zia-ur-Rehman, Paksoy H and
Kardag G 2021 J. Alloys Compd. 868 159133

Kalanur S S, Lee S H, Hwang Y J and Joo O S 2013 J. Photoch. Pho-
tobio. A 259 1

Ito S, Tanaka S, Manabe K and Nishino H 2014 J. Phys. Chem. C 118
16995

Wang Y, Tang R, Huang L, Qian C, Lian W, Zhu C and Chen T 2022
ACS Appl. Mater. Interfaces 14 33181

Lu X, Liu L, Xie X, Cui Y, Oguzie E E and Wang F 2020 J. Mater. Sci.
Technol. 37 55

Guo H, Jiang N, Wang H, Shang K, Lu N, Li J and Wu Y 2019 Appl.
Catal. B 248 552

Zhao D, Sheng G, Chen C and Wang X 2012 Appl. Catal. B 111-112
303


https://doi.org/10.1016/j.cej.2021.131158
https://doi.org/10.1002/cssc.v12.9
https://doi.org/10.1016/j.cub.2017.05.064
https://doi.org/10.1016/j.energy.2021.120519
https://doi.org/10.1016/j.renene.2019.06.066
https://doi.org/10.1016/j.renene.2019.06.066
https://doi.org/10.1016/j.ijhydene.2021.12.076
https://doi.org/10.1016/j.resconrec.2022.106155
https://doi.org/10.1016/j.resconrec.2022.106155
https://doi.org/10.1016/j.renene.2021.11.112
https://doi.org/10.1016/j.scitotenv.2021.151927
https://doi.org/10.1016/j.scitotenv.2021.151927
https://doi.org/10.1016/j.rser.2012.09.010
https://doi.org/10.1016/j.rser.2012.09.010
https://doi.org/10.1016/j.ijhydene.2019.12.059
https://doi.org/10.1016/j.ijhydene.2019.12.059
https://doi.org/10.1016/j.ijhydene.2020.05.021
https://doi.org/10.1016/j.est.2021.102676
https://doi.org/10.1002/aenm.v10.11
https://doi.org/10.1002/aenm.v10.11
https://doi.org/10.1016/j.ijhydene.2020.11.063
https://doi.org/10.1016/j.ijhydene.2020.11.063
https://doi.org/10.1016/j.ijhydene.2019.02.109
https://doi.org/10.1016/j.cej.2022.139796
https://doi.org/10.1016/j.seppur.2023.123779
https://doi.org/10.1016/j.seppur.2023.123779
https://doi.org/10.1016/j.jechem.2023.01.001
https://doi.org/10.1016/j.jechem.2023.01.001
https://doi.org/10.1016/j.cej.2023.142747
https://doi.org/10.1016/j.cej.2023.142747
https://doi.org/10.1016/j.cej.2021.132588
https://doi.org/10.1016/j.cej.2021.132588
https://doi.org/10.1021/acsami.1c01101
https://doi.org/10.1016/j.jallcom.2021.159400
https://doi.org/10.1016/j.jallcom.2021.159400
https://doi.org/10.1021/acsaem.2c03723
https://doi.org/10.1016/j.ceramint.2021.10.181
https://doi.org/10.1016/j.ceramint.2021.10.181
https://doi.org/10.1016/j.cej.2020.125101
https://doi.org/10.1016/j.cej.2020.125101
https://doi.org/10.1016/j.jcis.2020.10.027
https://doi.org/10.1016/j.jcis.2020.10.027
https://doi.org/10.1016/j.apcatb.2020.119492
https://doi.org/10.1016/j.apcatb.2020.119492
https://doi.org/10.1088/1674-1056/abee07
https://doi.org/10.1021/acscatal.1c05713
https://doi.org/10.1002/cctc.v13.12
https://doi.org/10.1002/cctc.v13.12
https://doi.org/10.3390/molecules26051420
https://doi.org/10.1088/1361-6463/acade9
https://doi.org/10.1088/1361-6463/acade9
https://doi.org/10.1016/j.apsusc.2023.156980
https://doi.org/10.20964/2022.08.02
https://doi.org/10.20964/2022.08.02
https://doi.org/10.1016/j.ccr.2004.03.015
https://doi.org/10.1016/j.ccr.2004.03.015
https://doi.org/10.1021/nl052099j
https://doi.org/10.1021/nl052099j
https://doi.org/10.1002/adma.v32.16
https://doi.org/10.1002/adma.v32.16
https://doi.org/10.1016/j.jphotochemrev.2012.10.001
https://doi.org/10.1016/j.matt.2021.10.027
https://doi.org/10.1016/j.matt.2021.10.027
https://doi.org/10.1016/j.apsusc.2020.146949
https://doi.org/10.1016/j.apsusc.2020.146949
https://doi.org/10.1016/j.jcis.2021.01.022
https://doi.org/10.1016/j.jcis.2021.01.022
https://doi.org/10.1016/j.cej.2020.128058
https://doi.org/10.1016/j.apcatb.2021.120058
https://doi.org/10.1039/C6RA12598K
https://doi.org/10.1016/j.jallcom.2021.159133
https://doi.org/10.1016/j.jphotochem.2013.02.018
https://doi.org/10.1016/j.jphotochem.2013.02.018
https://doi.org/10.1021/jp500449z
https://doi.org/10.1021/jp500449z
https://doi.org/10.1021/acsami.2c07157
https://doi.org/10.1021/acsami.2c07157
https://doi.org/10.1016/j.jmst.2019.07.034
https://doi.org/10.1016/j.jmst.2019.07.034
https://doi.org/10.1016/j.apcatb.2019.01.052
https://doi.org/10.1016/j.apcatb.2019.01.052
https://doi.org/10.1016/j.apcatb.2011.10.012
https://doi.org/10.1016/j.apcatb.2011.10.012

Chin. Phys. B 32,

118201 (2023)

[53]
[54]

[55]
[56]

[571
[58]

[59]
[60]

Chen L, Zhou Y, Dai H, Yu T, Liu J and Zou Z 2015 Nano Energy 11
697

Zhu J, Cheng Y, Zhang W, Zhao J, Sun Q, Hu X and Miao H 2022 Appl.
Surf. Sci. 601 154188

Kottayi R, Ilangovan V and Sittaramane R 2022 Optik 255 168692
Park J, Lee T H, Kim C, Lee S A, Choi M J, Kim H, Yang J W, Lim J
and Jang H W 2021 Appl. Catal. B 295 120276

Li H, Song W, Cui X, Li Y, Hou B, Cheng L and Zhang P 2021 Nano
Energy 16 10

Nouseen S, Singh P, Lavate S, Chattopadhyay J, Kuchkaev A M,
Yakhvarov D G and Srivastava R 2022 Catal. Today 397-399 618
Mao M, Xu J, Yu X and Liu Y 2020 Dalton Trans. 49 6457
Adarakatti P S, Mahanthappa M, Hughes J P, Rowley-Neale S J, Smith
G C, Ashoka S and Banks C E 2019 Int. J. Hydrogen Energy 44 16069

[61]
[62]

[63]
[64]
[65]

[66]
[67]

[68]

118201-10

Zhu X and Liu S 2022 J. Energy Storage 51 104582

Yin Y, Li J, Wang Y, Wan J, Du X, Hu X, Liu E and Fan J 2017 Mater.
Res. Bull. 88 33

Deng X, Zhang H, Guo R, Cui Y, Ma Q, Zhang X, Cheng X, Li B, Xie
M and Cheng Q 2018 Sep. Purif. Technol. 193 264

Jiang X, Sun M, Chen Z, Jing J and Feng C 2020 J. Alloys Compd. 816
152533

Liu Q, Lu H, Shi Z, Wu F, Guo J, Deng K and Li L 2014 ACS Appl.
Mater. Interfaces 6 17200

HuJ, Cao Y, Xie J and Jia D 2017 Ceram. Int. 43 11109

Chen C C, Shaya J, Polychronopoulou K, Golovko V B, Tesana S,
Wang S Y and Lu C S 2021 Nanomaterials 11 1325

Dai X C, Huang M H, Li Y B, Li T, Zhang B B, He Y, Xiao G and Xiao
F X 2019 J. Mater. Chem. A7 2741


https://doi.org/10.1016/j.nanoen.2014.11.047
https://doi.org/10.1016/j.nanoen.2014.11.047
https://doi.org/10.1016/j.apsusc.2022.154188
https://doi.org/10.1016/j.apsusc.2022.154188
https://doi.org/10.1016/j.ijleo.2022.168692
https://doi.org/10.1016/j.apcatb.2021.120276
https://doi.org/10.1016/j.nanoen.2015.05.025
https://doi.org/10.1016/j.nanoen.2015.05.025
https://doi.org/10.1016/j.cattod.2021.05.019
https://doi.org/10.1039/D0DT00854K
https://doi.org/10.1016/j.ijhydene.2019.05.004
https://doi.org/10.1016/j.est.2022.104582
https://doi.org/10.1016/j.materresbull.2016.12.017
https://doi.org/10.1016/j.materresbull.2016.12.017
https://doi.org/10.1016/j.seppur.2017.10.066
https://doi.org/10.1016/j.jallcom.2019.152533
https://doi.org/10.1016/j.jallcom.2019.152533
https://doi.org/10.1021/am505015j
https://doi.org/10.1021/am505015j
https://doi.org/10.1016/j.ceramint.2017.05.157
https://doi.org/10.3390/nano11051325
https://doi.org/10.1039/C8TA10379H

	1. Introduction
	2. Experimental details
	2.1. Materials
	2.2. Fabrication of TiO2 NTs
	2.3. Preparation of the TiO2/CuNi2S4 heterostructure
	2.4. Characterization measurements
	2.5. Photoelectrochemical measurements

	3. Results and discussion
	3.1. Morphology and structural characterization
	3.2. Optical absorption properties
	3.3. Photoelectrochemical property of photoelectrodes

	4. Conclusion
	References

