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Abstract

A novel composite perovskite LaNiO3 photocatalyst modified by MoS, was synthesized by sol-high temperature calcination.
When the molar ratio of La/Ni was 2:1, MoS, accounts for 3% of the MoS,/LaNiO; composite catalyst. The hydrogen production
activity is up to 47.1 umol h™'. In the visible range (>420 nm), the hydrogen generation of the composite photocatalyst is
increased more than three times that of pure LaNiOs. It is described that the hydrogen production capacity of catalytic materials
formed by MoS,-modified LaNiO; is significantly improved under visible light, the electron and hole pairs are effectively
separated, the electron transfer rate is increased, and the recombination of electron and hole pairs is reduced. Furthermore, the
experimental results were measured by energy spectrum (XPS), X-ray diffraction (XRD), photoluminescence spectroscopy (PL),
scanning electron microscope (SEM), UV—Vis transmission electron microscopy (TEM), and electrochemical workstation. This
is consistent with the hydrogen production capacity of the catalyst.
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Introduction

The environmental pollution problem caused by the era of
large-scale industrialization brought about by economic
growth is imminent, and the search for green and efficient
catalysts has become a key issue of concern to the world [1,
2]. As an efficient and safe energy source, hydrogen, which
exhibits a high calorific value (39.4 kW h™" kg™') among all
energy materials and does not produce any secondary dam-
ages during production, is a key target of many researchers in
recent years [3]. In addition to solar energy as a natural, inex-
haustible source of green energy, photocatalytic hydrogen pro-
duction is the key to solving today’s world energy problems.
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The preparation of photocatalytic materials, the novelty of
catalysts, and catalytic performance are the top priorities of
sustainable chemical development.

Semiconductor materials have better light-receiving activ-
ity, and the generation and transfer efficiency of photo-
generated charges are high, which has led to some research
on semiconductor catalytic materials. Photocatalytic materials
such as BIOCOOH/g-C;N [4], MoS,/CdS [5, 6], RGO-Cu,O/
F6203 [7], MOSz/g-C3N4 [8], and g-C3N4/GRO/M082 [9]
have good catalytic properties. However, there are also defects
such as severe preparation conditions and low efficiency of
photogenerated electron excitation. In order to find a novel
and efficient catalytic material, further exploration and re-
search are needed.

Binary metal oxides have special physicochemical proper-
ties and a variety of crystal structures, conforming to the
chemical formula of ABO; form, called perovskite, which is
a promising new matrix in the field of photocatalysis [10]. The
two metal elements are related to the crystallinity of the cata-
lyst and the performance structure such as electron defects
[11]. By controlling these parameters, the catalytic activity
of the semiconductor photocatalyst is improved. In recent
years, the hierarchical structure of perovskites has been initial-
ly studied, such as CaTiO; and ATaO; (A = Li, Na, K). [12,
13]. All showing good photocatalytic activity. However, the
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catalyst for the replacement of the A-site metal in the perov-
skite by rare-earth ions has not received sufficient attention,
and the reports on the effects of properties and structures are
also limited. However, the rare earth perovskite catalyst has
defects such as weak response to light and large forbidden
bandwidth. Therefore, it is key to explore this paper to find a
catalyst to modify rare-earth perovskite materials and to sup-
plement defects to improve photocatalytic performance.

Transition metal sulfides have become the focus due to
their excellent electrical and optical properties [14]. The
good two-dimensional nanostructure structural type of
MoS, makes the electron acceptability strong and cost
low, and is regarded as the best substitute for metal Pt
[6, 15, 16]. The poor conductivity of molybdenum disul-
fide itself is the main reason for the weak catalytic per-
formance of the monomer [8, 9], but the high catalytic
performance of the composite catalyst formed by combin-
ing it with other catalytic materials is not to be
underestimated. The specificity of the electronic structure
of rare earth elements has unparalleled spectral character-
istics [17]. When the substance is excited by light, the
light-induced electrons promote the reduction reaction,
and the generated holes induce oxidation reaction, which
is the beginning of the photocatalytic process [11]. La is
widely used in the preparation of photocatalysts [18]. The
extremely high electron accepting power of MoS, com-
bines with the excellent spectral characteristics of rare
earths to inhibit the reverse generation of electrons and
holes, improving the hydrogen evolution ability of sub-
stances through effective transfer of electrons.

In this paper, the process of synthesizing MoS,/LaNiO;
composite photocatalyst by sol-high temperature calcina-
tion method is introduced, exploring the hydrogen evolu-
tion ability of the catalyst in the visible range of the sen-
sitizing system (eosin EY). The chemical interaction of
MoS,/LaNiO; composite catalyst formed on the surface
of LaNiOs is relatively stable. By optimizing the ratio
(molar) of La/Ni and the mass ratio of MoS,/LaNiOs,
the composite photocatalyst of MoS,/LaNiO; has high
catalytic activity under the irradiation of 300 W Xe lamp.
The H, release ability of the composite photocatalyst
formed by MoS addition significantly increases the activ-
ity of pure LaNiOs, which is about 3 times, and the pho-
tocurrent density, the response intensity to light, and the
recombination rate of photogenerated electrons are supe-
rior to those of pure LaNiO;. The photocatalyst has re-
markable long-term stability for the production of H,.
Based on the photochemical and resolved
photoluminescence measurements, the mechanism of cat-
alyst hydrogen evolution reaction is speculated. The rea-
son for improving the performance can be attributed to the
high charge separation efficiency and light utilization ef-
ficiency of the incident light.
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Experimental section

The chemicals used are analytical reagents and can be used
without further purification. Lanthanum nitrate (La(NOs)3-
6H,0), nickel nitrate (Ni(NO3),-6H,0), ammonium
heptamolybdate tetrahydrate ((NH4)sMo0-,0,44H,0), and
thiourea (CH4N,S) were all purchased from Aladdin. This
study also used Sodium hydroxide (NaOH), hexadecyl
trimethyl ammonium bromide (CTAB), and sodium dodecyl
benzene sulfonate (SDBS). Deionized water is used in all
experiments.

Preparation of LaNiO; and MoS,/LaNiO;

In the preparation of LaNiO;, the CTAB of 0.01 mol and
the SDBS of 0.02 mol (the molar ratio is 1:2) were stirred
and dissolved in deionized water at 30 °C for 18 h to
obtain the vesicle solution. La (NO3)3-6H,O and 0.217 g
Ni (NO3),'6H,0O (n (La): n (Ni)=3:1,2: 1, 1: 1, and 1:2
respectively recorded as LaNiO{l, LaNiO{Z, LaNiO3*3,
LaNiO; %) were dissolved in a vesicle liquid prepared
above 75 ml. The precipitate was obtained by dropping
the NaOH solution with 0.1 mol/L until the pH value of
the solution reached 8.5. Generate a cyan precipitate for
filtration, washed to remove the anionic contained therein.
The precipitates were dried at 70 °C for 10 h, ground
evenly with agate mortar, then fired 5 h at 750 °C in a
muffle furnace, and heated at the rate of 5 °C minfl, to
prepare LaNiOs;. In the 200 mg LaNiOj prepared above,
the corresponding mass (NHy) ¢Mo0,0,4-4H,O and
CH4N,S(so that the mass ratio of the formed MoS, to
MoS,/LaNiOj3 is 1%, 2%,3%,4%, and 5%, respectively)
are dissolved in the deionized water of 60 ml and stirred
for 60 min. The precursor was moved to a
polytetrafluoroethylene reactor, in an electrothermal ther-
mostatic drying chamber at 180 °C for 16 h and naturally
cooled. The product was washed with deionized water to
remove the superfluous substance, and the product was
dried in a drying box at 70 °C for 5 h.

Research on sample characterization

In the case of Cu K« radiation of 40 kV and 40 mA
current, the crystallographic peaks in the range of 10° to
80° were recorded by X-ray diffraction (XRD) to investi-
gate the crystal structure and constituent materials of the
material. At an accelerating voltage of 5 kV, the morphol-
ogy of the sample was measured by field emission scan-
ning electron microscopy (SEM). Further exploration of
the morphology and composition of the sample was done
with the help of JEOL JEM-2100 200kV instrument field
transmission electron microscopy (TEM) and high-
resolution projection (HRTEM). The elemental
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composition and elemental chemical state of the catalytic
sample were investigated by conventional X-ray photo-
electron spectroscopy (XPS) under ultra-high vacuum
VG ESCALAB 250 electron spectrometer. At room tem-
perature, the photoluminescence spectrum (PL) of the
sample was explored under a FLUOROMAX-4 spectro-
photometer. The degree of response of the sample to vis-
ible light (UV-visDRS) was measured under a UV-2550
(Shimadzu) spectrometer. The BET data of the sample
records the specific surface area and pore size of the cat-
alyst, which was explored at 77 K using the ASAP
2020 M instrument.

Photocatalytic hydrogen evolution experiments

The photocatalytic reaction was studied by 300 W Xe
light with 420-nm cutoff filter under the rotator. The hy-
drogen evolution test of the catalyst was carried out in a
250-ml quartz vessel with the aid of a magnetic stirrer.
The specific operation is to uniformly mix 20 mg of cat-
alyst and 100 ml of triethanolamine (TEOA, 10%) solu-
tion (electron sacrificial agent) and place it in an ultrason-
ic instrument for 20 min. Adjusting the pH of TEOA with
10% TEOA, 0.1 mol-L™' HCI solution, or 10% 0.1 mol-
L™' NaOH solution, 50 mg eosin (EY) was suspended in
the above solution as a sensitizing agent and stirred in a
magnetic stirrer for 30 min. We add nitrogen to the reac-
tion system and remove the oxygen inside with a needle
for 40 min. Under visible light, 0.5 ml H, was extracted
every 60 min. The amount of hydrogen evolution of the
sample was determined with the aid of gas chromatogra-
phy with SP-2100, 13X column, TCD, and N, as the
carrier. Under the same experimental conditions, the
quantum efficiency of the hydrogen production of the cat-
alyst measured by a bandpass filter through which mono-
chromatic light at different wavelengths (420 nm, 450 nm,
475 nm, 500 nm, 520 nm, and 550 nm) was passed. The
photon flux of the incident light at different wavelengths
is detected by an optical power meter (CEL-NP2000,
190 nm-11,000 nm, 0-2000 mw/cmfz). Quantum effi-
ciency (AQE) is obtained using the following formula:

2 x the number of evolved hydrogen molecules

AQFE =
© the number of incident photon

x 100%

Determination of photoelectrochemical
characterization

Conductive glass (ITO) was washed and soaked in dilute
NaOH, dilute HCI, and anhydrous ethanol solution, and dried

in air. The catalyst (12 mg) was added to a 5-ml ethanol solu-
tion, dispersed in an ultrasonic apparatus, and at room temper-
ature evaporated to a viscous liquid. The viscous liquid is then
applied to the surface of the conductive glass electrode ITO by
a pipette and dried under the natural wind. In a 0.2 M Na,SO,
support solution, the reference electrode is a saturated calomel
electrode (SCE), and the counter electrode is a platinum elec-
trode in a standard three-electrode cell, placed under the con-
ditions provided by an electrochemical analyzer (Chenhuachi
660E) explored. The immersion area of the conductive work-
ing electrode in the support solution is about 0.98 cm?. The
visible light excitation ultraviolet light is filtered under the
condition that the cut filter (420 nm) is provided by a 300 W
xenon lamp. The photocurrent response and the volt-ampere
characteristic of the sample are placed under a photodiode
with an on and off cycle.

Results and discussion
SEM analysis

The morphology of the catalyst is an aspect verification of
the catalytic performance of the sample. The surface mor-
phology of each catalyst was studied by emission scan-
ning electron microscopy (SEM). The consequences were
shown in Fig. 1. As seen in Fig. 1a, the micromorphology
of the LaNiO; sample which looks like popcorn, about
2.5 um in size, indicates that there are many active sites.
It can be seen in Fig. 1b that MoS, is a flower-like shape
composed of nanosheets and the size of a single nano-
sheet is about 500 nm. Figure 1c shows the morphology
of MoS,/LaNiO; composite catalyst with 3% MoS,.
Drawn from it, the single nanosheet on the surface of
LaNiO3 bulk material indicated that the two substances
are successfully combined. This structural increases the
surface area of the composite catalyst, had more adsorp-
tion sites, which promotes the hydrogen evolution ability
of the catalyst.

TEM

The morphology of the photocatalyst is an important parame-
ter related to product performance. Figure 2 shows a typical
transmission electron micrograph of the prepared sample. It
can be seen that the sample consists of a large piece and a
monolithic substance loaded on it, where in the dark part of
the image is the multilayer nanosheet structure of MoS,, so
that the particle structure becomes irregular [19]. The size of
the particles is about 500 nm. Figure 2b is a HRTEM image of
the sample, where the images show different lattice fringes;
the lattice stripe pitch are 0.23 nm and 0.27 nm, respectively,
representing the (103) crystal plane of MoS, and the (110)
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Fig. 1 a SEM images of LaNiO;. b MoS, samples. ¢ MoS,/LaNiO; samples

crystal plane of LaNiOs, indicating that the composite of  sample. Images from Fig. 2d-h show La, Ni, O, Mo,
MoS, and LaNiOj; is successfully synthesized. Figure 2 and S elements in the catalyst, respectively, correspond-
c is a general map of the elemental mapping of the ing to the above scanning discussion.

Fig.2 a The TEM pattern of MoS,/LaNiOs;. b The HRTEM pattern of MoS,/LaNiO;, ¢ The mapping master pattern of MoS,/LaNiOs. d, e, f, g, h The
mapping element pattern of Mo, S, La, Ni, and O
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XRD analysis

As seen in Fig. 2a, the XRD graphics of LaNiO; shows sev-
eral obvious diffraction peaks at 20 =23.32°, 32.89°, 47.36°,
58.68°, 68.88°, 69.76°, 78.69°, and 79.08° respectively. The
diffraction peak can correspond to the crystal plane of LaNiO;
(JCPDF No.34-1028) characteristic diffraction peak (101),
(110), (202), (122), (220), (024), (312), and (214). The XRD
spectra of MoS, show several obvious characteristic peaks at
20 that were 14.38°, 33.51°, 39.54°, and 58.33°, which were
compared with the characteristic diffraction peaks of MoS,
(JCPDF No.37-1492) (002), (101), (103), and (110) crystal
planes which correspond to each other. This indicates that
LaNiO3 and MoS, material was successfully synthesized.
Line C in Fig. 2a shows the peaks of MoS,/LaNiOs. The line
not only exhibits the characteristic peaks of MoS,, but also
shows the characteristic peaks of LaNiOs, and shows strong
and sharp diffraction peaks in similar positions. Figure 2 b is
an expanded XRD spectrum of 20 in Fig. 2a, ranging from 31°
to 37°. Drawn from it, the strongest characteristic peaks of
MoS, and LaNiO; are 32.89° and 33.51°, respectively.
Compared with the pure materials, the 20 angle of the XRD
peak of MoS,/LaNiQs is slightly shifted due to the complex of
the two substances, which indicates that the two substances
have been well combined together, MoS,/LaNiO; substance
was successfully synthesized, the peak and the strong peak
indicate that the crystallinity of the sample is high [20]. In
addition, we have not detected any peaks from and other
impurities.

XPS analysis

XPS diagram is an important measure to detect the chemical
environment and the content of elements on the surface of the

catalyst. The XPS scanning spectra of MoS,/LaNiO3; compos-
ite catalyst are shown in Fig. 3a. It is clear that La, Ni, O, S,
and Mo elements are present in the composite catalyst. In the
La3d region of Fig. 3b, the peak of La3ds, is at 851.86 and
855.45 eV, and the peak of La3ds), is at 838.42 and 834.87 eV.
These peaks correspond to the La** of MoS,/LaNiOs [21].
Figure 3 ¢ shows the XPS map of Ni2p. The strongest
Ni2ps» peak of the composite catalyst is about 854.7 eV,
while the Ni2p;,, peak is about 871.9 eV. In the oxidizing
environment, two characteristic peaks of Ni** ions and Ni**
ions correspond to them [22]. The peaks at 861.2 ¢V and
879.0 eV are satellite peaks of Ni2p;, and Ni2p;,. Due to
the alternating condition of Ni** «» Ni** in the perovskite
material LaNiO;, the increase of Ni** ions brings about the
appearance of satellite peak at 861.2 eV, indirectly proving the
successful synthesis of the substance LaNiO5 [23]. In addi-
tion, the XPS spectrum appears at 531.25 eV in the region of
Ols (Fig. 3d), which can be attributed to the 0% in MoS,/
LaNiOj3. As shown in Fig. 3e, the peaks of Mo3d are located at
228.96 eV (Mo3ds),) and 232.36 ¢V (Mo3ds,,), which are in
good agreement with the reported values [24]. It is confirmed
that Mo™ is the main oxidation state of MoS, [25]. Figure 3 f
shows the two peaks of 161.87 eV and 162.6 eV, which are
S2p;, and S2p;, in MoS, [26], indicating that S* is the
major valence of substance MoS, XPS results show that the
participation of positive valences La, Ni, and Mo metal state
and negative valences S and O provides a basis for the forma-
tion of MoS,/LaNiO5 and LaNiO5 [27].

Photocatalytic hydrogen evolution activity
of MoS,/LaNiO; photocatalytic

Adjusting the molar ratio of La to Ni to optimize the catalytic
ability of LaNiO; single substance, the adjusted ratios of the
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Fig. 3 a XRD patterns of MoS,, LaNiO3, and MoS,/LaNiOs. b Magnification of diagram a between 31 and 37 degrees
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two were 3:1, 2:1, 1:1, and 1:2, respectively. Figure 4 a illus-
trates the activity of the catalytic material. As the molar ratio
of the two elements decreases, the activity of photocatalyst
rises first and then decreases. When the molar ratio of the
two elements is 2:1, the hydrogen evolution performance
reaches its maximum value, and the cumulative hydrogen
yield in 5 h is 70.89 pmol. On the basis of the optimum ratio,
other factors affecting the photocatalyst were explored.

The results are obtained from Fig. 4b; the EY-sensitized
MoS,/LaNiO; (MoS, content mass ratios are 1%, 2%, 3%,
4%, and 5%) is exposed to visible light (A>420 nm). The
hydrogen production of pure LaNiOj; catalyst can only reach
70.89 umol after exposure to visible light for 5 h, which indi-
cates that the hydrogen production ability of LaNiOj; catalyst
under illumination response is low, and the separation effi-
ciency of LaNiOj; catalyst from photogenerated electron hole
may be limited. The low efficiency of electron transport is
related to the combination of photocharge, which means that
only a small amount of electrons escape to the surface of the
catalyst, and the binding rate of H" and electrons in the reac-
tion solution is very low, thus the hydrogen production is
small. When metal sulfide MoS, was added into LaNiO5 to
prepare MoS,/LaNiO; photocatalyst, the catalytic ability of
the sample was obviously improved under the equivalent re-
action situation. The mass ratio of MoS, to LaNiO; was ad-
justed to 1%, 2%, 3%, 4%, and 5%, the hydrogen productions
for 5 h were 130.32, 147.1, 235.48, 160.34, and 137.45 pumol,
respectively. It is concluded that the catalytic performance of

the composition is best when the mass ratio of MoS, is 3%
and reached more than three times than that of the pure
LaNiOs. One reason is that LaNiOs is a large structure, which
provides lots of adhesion space for MoS,; moreover, the ad-
dition of MoS, can promote the separation of LaNiOj; electron
holes and increase electron transfer rate, so that the hydrogen
production performance of the composites is improved.
However, an increase in the number of MoS, accumulates
on LaNiOs, and excess molybdenum masked the active sites
of LaNiOs;. From the optimization exploration of composite
samples, it is shown that metal sulfide (MoS,) has greatly
improved the activity of LaNiOj3 to produce hydrogen.

As shown in Fig. 4c, when adjusting the pH value of
TEOA is different, the proton concentration in the solution
will change and the hydrogen production capacity of the com-
posite sample has obvious changes. The redox potential of
photocatalyst and the adhesion between the sensitizing dye
and the catalytic sample are also disturbed [28]. The pH value
of 10% TEOA solution was adjusted with 0.1 mol/L HCI and
0.1 mol/L NaOH solution, and the hydrogen production effi-
ciency of the catalyst under different pH conditions was de-
termined. Figure 4 ¢ shows the changing trend of the catalytic
activity of the catalyst for hydrogen production. Adjusting the
pH of an electronic sacrificial agent between 8 and 12, as the
alkalinity of the electronic sacrificial agent increases, the cat-
alytic ability changes significantly. It can be seen that when
the pH was 10, the catalytic ability of the sample reached the
highest, and the catalytic ability reached 235.48 umol, after
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the reaction time was 5 h. The reason may be that when the
basicity of the electron sacrificial agent is 10, the proton con-
centration in the solution is most favorable for the adhesion of
the dye on the sample, and the hydrogen production can be
increased. However, when the solution alkalinity is biased to
neutral, the process of H" formation of H, is inhibited.

In order to explore the interaction between EY and the cat-
alyst, the hydrogen evolution ability of the hydrogen production
system at different dosages of blush was explored. As shown in
Fig. 5d, with the increase in the amount of eosin, the amount of
hydrogen evolution first increased and then decreased. When
the dosage was 50 mg, the effect was the best. When the dosage
is 40 and 50 mg, the hydrogen evolution ability is small. When
the amount of EY is 55 and 60 mg, the hydrogen evolution
value of the system is not good. This may be due to the fact
that the excess of EY will mask the active site of the catalyst,
resulting in a decrease in the sensitizing ability and
photogenerated charge. When the EY itself absorbs a large
number of light sources, it will be quenched, causing light loss
and the dye will also fail. Therefore, EY can provide the catalyst
with the advantage of bringing electrons in the system, and the
unsuitable dosage will bring disadvantages to the system.

Figure 6 e is a comparison of hydrogen production perfor-
mance between each single catalyst and different composite
catalysts. It can be clearly seen that there are significant differ-
ences in the hydrogen evolution capacities of different combi-
nations of catalysts in the same hydrogen production system. It
can be seen that pure EY does not have the ability to produce

hydrogen, and the hydrogen evolution of pure MoS, and
LaNiOj is also relatively low. When EY and the two single
catalysts are respectively combined, the catalytic performance
is obviously improved, because EY is only a sensitizing dye, it
has a strong adsorption capacity and can generate photoelec-
trons under the induction of light to provide the catalyst and
further promote the hydrogen production of the catalyst. It is
concluded from the figure that when the two single catalysts are
combined, the hydrogen production capacity is better than that
of the single catalyst, indicating that there is also a certain in-
teraction between the two single catalysts, thereby promoting
the performance of the catalyst (there is a specific analysis in the
following hydrogen production mechanism section). When EY
and the composite catalyst are combined, the hydrogen produc-
tion capacity of the system is optimized, thereby showing a
good coordination effect between the components.

Figure 5 f shows the quantum efficiency of the composite
catalyst. It can be seen that under different wavelength cutoff fil-
ters, the catalyst has a certain hydrogen production performance,
indicating that the photoexcitability of the catalyst is good, and the
catalyst has an excitation wavelength of 475 nm. The quantum
efficiency is optimal (3.68%), and the overall data demonstrates
that the photocatalytic ability of the catalyst is good.

In order to determine the stability of the catalyst, the con-
tinuous hydrogen production reaction of the catalyst and the
XRD and XPS of the used catalyst were studied, and the
results are shown in Fig. 6. Figure 6 a shows the stability test,
after the end of one cycle of hydrogen production, the reaction
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Fig.6 a, b Hydrogen production cycle diagram of 3% MoS,/LaNiOs. ¢ XRD pattern of the 3% MoS,/LaNiOs after the reaction. d XPS pattern of the 3%

MoS,/LaNiOjs after the reaction

gas in the hydrogen bottle is completely replaced with nitro-
gen and no substance is added, and then the subsequent cycle
of hydrogen production is continued. It can be seen that the
hydrogen production efficiency of the second, third, and
fourth cycles is gradually reduced. The second, third, and
fourth cycle hydrogen production rates were 91.75%,
68.75%, and 55.56% for the first time respectively. The cyclic
test operation of Fig. 6b is different from that of Fig. 6a.
Before the start of the third cycle, an appropriate amount of
EY is added to the system, resulting in an increase in hydrogen
evolution capacity, the second and fourth times were lower
than the first and second. By comparison, it is found that EY
dye is a key factor affecting the amount of hydrogen evolution
in the system, because EY dye has poor stability, easy to
desorb, easy to diffuse in solution, and easy to degrade under
illumination. Therefore, dye molecules severely limit the cat-
alytic performance of the sample [29]. From the perspective of
the whole cycle, the catalytic ability of the sample is relatively
stable, which indirectly indicates that the stability of the sam-
ple is good. In order to further prove the stability of the

@ Springer

catalyst, the XRD and XPS spectra of the used catalyst are
shown in Fig. 6 ¢ and d, and there is no significant change in
the characteristic peak compared with the spectrum before the
reaction, indicating that the catalyst has good stability.

Photo-luminescence (PL) analysis

To further verify the performance of the catalyst, capture,
transition, and annihilation efficiency of photogenerated elec-
trons have been measured by photoluminescence spectrosco-
py. The rate of photogenerated charge transfer is related to the
peak height of the fluorescent peak, and the height of the peak
indicates the rate at which electrons and holes combine.
Figure 7 shows the induced fluorescence intensity of EY,
EY-LaNiO;, EY-MoS,, and EY-MoS,/LaNiO; aqueous solu-
tion at an excitation wavelength of 480 nm. As the picture
shows, the fluorescence intensities of EY, EY-LaNiOs, EY-
MoS,, and EY- MoS,/LaNiO; show the main peaks with dif-
ferent intensities at about wavelength of 538 nm. The pure EY
solution has the highest fluorescence peak, with the
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Fig. 7 Fluorescence spectra of EY-sensitized (1 x 107 mol L") MoS,,
LaNiOs, and MoS,/LaNiO; in 10% TEOA aqueous solution at pH= 10

introduction of LaNiO3 and MoS,, the fluorescence peak
gradually decreases, indicating that there is a significant inter-
action between EY and LaNiO; and EY and MoS,. The elec-
trons generated by EY under illumination are transferred to
MoS, and LaNiOs;, thereby increasing the fluorescence
quenching rate [30]. The luminescence intensity of EY-
MoS,/LaNiOj is the weakest, indicating that the photoelec-
trons generated by LaNiOj; are effectively transferred to MoS,
under illumination, and the synergy between the three effec-
tively reduces the quenching of fluorescence, prevents the
binding of hole electrons of LaNiOs, and thus reduces the
emission peak intensity of fluorescence, which is consistent
with the effect of photocatalytic hydrogen production [31].
To deeply explore the quenching principle of LaNiO5 fluo-
rescence by MoS, and the effect of MoS, on photocharge
transfer of LaNiOs, time-resolved fluorescence measurements
were also demonstrated. As a function of time, the transient
fluorescence of the sample was measured. As shown in
Table 1, the single exponential fluorescence decay kinetics
can describe the fluorescence attenuation of single substance
EY, indicating that there is a fluorescent substance in the elec-
tronic sacrificial agent with a lifetime of 0.163 ns. After the
addition of MoS,, LaNiOs, and MoS,/LaNiOs, the fluores-
cence decay of EY was characterized by double exponential
fluorescence kinetics [32]. The average life expectancy was

0.177 ns, 0.307 ns, and 0.323 ns, respectively. This is because
the addition of MoS, effectively transfers electrons of LaNiOj3
and at the same time inhibits the recombination of electron
holes, thus generating more photoelectrons and increasing the
lifetime [33, 34]. It was proved that the photocatalytic hydro-
gen production activity was significantly improved.

Electrochemical analysis

In order to provide new evidence for studying the transport
and separation efficiency of photoexcited carriers, we have
measured the transient photocurrent responses of pure
LaNiOs, pure MoS, and MoS,/LaNiO; composites under sev-
eral invisible light irradiation. Figure 8 a shows the photocur-
rent of pure LaNiOj3, pure MoS,, and MoS,/LaNiO; samples.
Obviously, when the light source is introduced and removed,
the photocurrent increases and decreases. The photocurrent
response of the MoS,/LaNiO; sample increases significantly
compared with pure MoS, and LaNiO; with the role between
MoS, and LaNiOs [35]. The results show that the formation of
composite clusters promotes the transfer of surface charge of
LaNiOj3, which reduces the recombination of electron holes
and promotes the generation of new photoelectrons. This ef-
fective coordination between MoS, and LaNiO; is well
reflected in the photocurrent correlation and is the key to im-
proving the catalytic ability.

At the same time, deeper exploration of the hydrogen pro-
duction capacity of MoS,/LaNiOj is related to the synergism
of MoS, and LaNiOs, and LaNiO3, MoS,, and MoS,/LaNiO;
coated on ITO glass were studied by linear scanning voltamm-
etry (LSV) in the Na,SO, solution of 0.1 mol/L. As shown in
Fig. 8b, it can be seen that H* cathode charges on a pure ITO
conductive electrode. In the same voltage range, the reduction
current density of the blank group, LaNiOs3, MoS,, and MoS,/
LaNiOs; electrodes increases gradually [36]. This phenome-
non indicates that the synergistic enhancement between
MoS, and LaNiOj is beneficial to the electron transfer of
MoS,/LaNiOs photocatalysts. Deeper proofs of the initial re-
duction potential of empty conductive electrodes, LaNiOs,
MoS,, and MoS,/LaNiOj; electrodes are basically the same,
indicating that MoS,/LaNiOs is not only a highly effective
photocatalyst. At the same time, it is also a highly active

Table 1 Transient fluorescence

lifetime distribution of different Systems® Lifetime, <t>(ns) ~ Pre-exponential factors A/%  Average lifetime, <t>(ns)? ~ X*
samples
EY =0.163 A=100 0.163 1.28
EY-MoS2 =2.896 Al =6.64 0.177 1.19
=0.175 A2=93.36
EY-LaNiOs =03 A;=9735 0.307 0.983
=3.191 A, =2.63
EY-MoS,/LaNiO;  =3.81 A;=225 0.323 1.021
=0.316 A,=97.75
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electrocatalyst [34]. The existence of MoS, can more condu-
cive to photolysis of water and generate hydrogen, which is
consistent with the above conclusion.

UV-Vis analysis

The photoresponse behavior of the catalyst and the light absorp-
tion characteristics of the catalytic material were further explored
by means of UV—Vis spectroscopy (UV-visDRS). Drawn from
the graph, a single LaNiOs has a strong absorptivity under the
light of 200400 nm. Compared with the single LaNiO3, the
MoS,/LaNiO; system shows a slight red shift with the introduc-
tion of MoS, [37]. MoS, and LaNiO; have similar
photoresponsive abilities in the range of 200-800 nm. Under

the excitation of MoS,, the MoS,/LaNiO; system produces ob-
vious broadband absorption under 300-800 nm of the light. The
results show that there is a strong interaction between MoS,
nanoparticles and LaNiOs;, which is conducive to the transport
and separation of charge carriers [38]. The formula (ochv = A
(hv-Eg)") is used to calculate the band gap width Eg of these
samples. A and hv are the light response coefficients and photon
energies of different substances, respectively, where A is a fixed
amount, 7= 1/2 or n =2 [39]. As shown in Fig. 9b, the bandgap
widths of LaNiO3;, MoS,, and MoS,/LaNiO; are 2.54 eV,
1.91 eV, and 2.08 eV, respectively. For MoS,/LaNiOs, not only
the redshift of the absorption range can be seen, but also a strong
absorption range within the wavelength range of 380—800 nm.
Compared with pure LaNiOs, the light adsorption range of
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Fig. 9 a The UV-Vis diffuse reflectance absorption spectra of MoS,, LaNiOs;, and MoS,/LaNiOs photocatalysts. b Bandgap width map of MoS,,

LaNiO;, and MoS,/LaNiOj; photocatalyst

@ Springer



lonics (2019) 25:4533-4546

4543

_——
Q)
N

£ 25 |~ MoS,/LaNio, —=— MoS,/LaNiO,
——MoS

; YZ. —.—MOSZ
JCPTY R _0.0015 1 ——LaNiO,
g £

15+ &
= ~
g “z 0.0010+
5 2
£ 10 =
<

= 0.0005 4

£ 51 -
]
S sa208 M h
o o0 0.0000 4 s

0.0 0.2 04 0.6 0.8 1.0
Relative pressure (P/P,)

(b) 0.0020

50 100 150 200 250 300
Pore Diameter (nm)

o -

Fig. 10 a The N, adsorption—desorption isotherms of LaNiOs, MoS,, and MoS,/LaNiOs. b The corresponding pore size distribution curves (insert) of

LaNiOs, MoS,, and MoS,/LaNiO3

MoS,/LaNiO; increases, which means that more visible light can
be obtained, which helps to improve the photocatalytic perfor-
mance [40]. The introduction of MoS; has a significant effect on
the increase of the light responsiveness of LaNiO; and the reduc-
tion of the forbidden bandwidth. Such phenomena are the pre-
requisite for optimizing hydrogen production and also an expres-
sion of the interaction between single catalysts.

Brunauer-Emmett-Teller (BET) nitrogen adsorption
isotherm characterization

The pore volume and pore size of the sample and the surface
area of the particles were determined by a physical adsorb,
which was determined by a nitrogen adsorption—desorption
method [41]. Figure 10 is a graph showing the pore size distri-
bution and suction and desorption isotherms of different sam-
ples. Learning from Fig. 10a, LaNiOs, MoS,, and MoS,/
LaNiOs; are type III isotherms and Hj hysteresis loops, gener-
ated between high pressure ranges between 0.65 and 1 (P/Py),
indicate that the substance has a certain adsorption capacity. As
can be seen from Table 2, the specific surface areas of LaNiO;
and MoS, are very small, and strong calcination during the
preparation of LaNiOj causes the catalyst particles to grow
rapidly, resulting in a decrease in specific surface area [42].
With the addition of MoS,, LaNiO; has a significant improve-
ment effect, thus improving the adsorption of the dye in the
system and the performance of the composite catalyst, which
is the result of the mutual cooperation of the two monomers.
The pore sizes of the samples in Table 2 are 16.24 nm,
16.77 nm, and 15.89 nm, respectively, indicating that the cata-
lytic sample is present in the form of mesopores [43]. From the
pore size distribution diagram of Fig. 8b, the sample consists of
micropores and mesopores, indicating that the addition of
MoS, changes the structure of the sample, and the La element
contained in the catalyst controls the crystal properties of the

sample [44]. The composite sample enhances the capture of
sunlight, improved charge transfer, and optimized hydrogen
production capacity of the composite catalyst.

The hydrogen production mechanism

Integrating all experiments and characterization results, the
mechanism by which the catalyst decomposes hydrogen in wa-
ter under visible light is presumed. Due to the straddling align-
ment, heterojunction formed by the interaction between the two
monomers promotes the separation and transfer rate of charges,
reduces the recombination of electron holes, and improves the
hydrogen production ability of the composite. In order to fur-
ther explain the process of high-efficiency hydrogen production
by semiconductor heterojunction, the VB and CB band posi-
tions of MoS, and LaNiOj; are estimated by the forbidden
bandwidth calculated by UV characterization and the theoreti-
cal formula (1) and (2) of Mulliken electronegativity:

Ecp = x—E*0.5E, (1)
Ep = Ecg—E, (2)

X is the geometric mean of the electronegativity of the
individual elements constituting the monomer material
and becomes absolute electronegativity. The yx of
LaNiO; and MoS, are 5.67 eV and 5.50 eV, respectively

Table 2 The Sggt, pore size, and pore volume for LaNiO;, MoS,, and
MOSz/LaNiO3

Samples SBET (m2 gfl) Pore size (nm) Pore volume (cm3 gﬁl)
LaNiO; 1.50 16.24 0.002
MoS, 333 16.77 0.007
MoS,/LaNiO; 10.97 15.89 0.035
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Fig. 11 The photocatalytic
hydrogen production mechanism
over EY-sensitized MoS,/
LaNiOj; system under visible light
irradiation

(see the support information for specific calculations). E°
is the energy of free electrons on the hydrogen scale
(4.5 eV) [45], and the E, of LaNiO; and MoS, are given
in Fig. 9b, which are 2.54 eV and 1.92 eV, respectively.
Based on the above formula and data, it is concluded that
CB and VB of LaNiO3 are — 0.1 eV and 2.44 ¢V, and CB
and VB of MoS, are —0.04 ¢V and 2.04 ¢V, respectively.
Figure 11 illustrates the mechanism of the formation of H,
over eosin EY sensitized MoS,/ LaNiO; photocatalyst.
Under the excited by light, EY dye molecules are attached
to MoS,/LaNiOs to become a single-weight EY'" excited
state, which will transition between systems to become a
triplet excited state EY>". In addition, the electronic sac-
rificial agent contained in the solution was used as an
electron sacrificial agent to quench EY?" to form a re-
duced dye EY", which forms an oxidized TEOA™ [46].
LaNiO; and MoS, generate photoelectrons and holes un-
der the excitation of light, electrons migrate to the con-
duction band of the substance, holes are generated in the
valence band, and finally, EY™ transfers its electrons to
the catalyst of LaNiO; or MoS,, the electrons on the
LaNiO; conduction band are also transferred to the
MoS, conduction band, and the H* bond in the solution
is reduced to H,, and the holes on the LaNiOs valence
band migrate toward the valence band of the MoS, sub-
stance. At the same time, EY™ returns to the ground state,
and the TEOA is oxidized to TEOA™ at the electron hole,
and the reaction is completely balanced. This can effec-
tively inhibit the recombination of photogenerated
charges, increase charge transfer and generation, and
greatly optimize photocatalytic activity.

@ Springer

Conclusions

Non-precious metal LaNiO; nanomaterials were successfully
synthesized by sol-high temperature calcination, and MoS,
was further supported on LaNiO; to achieve high activity of
photocatalytic hydrogen production. From the SEM, TEM,
XRD, and XPS diagrams, we can see that the composite cat-
alyst was successfully synthesized, the surface area gets big-
ger and in favor of charge transfer efficiency. The MoS,/
LaNiO; composite photocatalyst has excellent photocatalytic
performance in sensitized dye system. Compared with the
single LaNiOj3 (70.89 umol), the hydrogen production of the
composite catalyst (235.48 umol) is more than three times
higher than that of the single LaNiOs. Further studies show
that the ratio of La to Ni and the ratio between MoS, and
LaNiO; have an effect on the hydrogen production capacity
of the sample. In the LaNiO; precursor, the adjusted ratio
between La and Ni is 2:1, and when the weight ratio of
MoS; is 3%, the hydrogen-producing performance of the cat-
alyst is the best. The sample has the best hydrogen production
ability when the pH of the electron sacrificial agent is 10.
From the fluorescence analysis and electrochemical character-
ization, the results show that the charge transfer rate on
LaNiO; was significantly enhanced and the recombination
of holes and electrons was decreased by MoS, as a compared
catalyst. The characterization measures of UV—Vis and BET
show that the composite catalyst MoS,/LaNiO; has rich sur-
face area and stronger light response range and smaller band
gap, so the composite catalyst is more easily excited. The
increase in sample performance is also attributed to the in-
crease in attached dyes. The synergism among LaNiOs,
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MoS,, and EY dyes improves the activity of the catalyst. The
results show that the composite catalyst is an effective catalyst
and has a potential application prospect.
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