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Abstract

Sm,MoO¢/Ni(OH), was successfully immersed in water first, and the sensitizer is Eosin Y and the sacrificial agent is
triethanolamine agent for high-efficiency photocatalytic production of H,. When Sm,MoO, was loaded onto the surface of
Ni(OH),, the photocatalytic activity (2407.48 pmol g~ ' h™!) was 2.6 times that of Ni(OH), (925.36 pmol g~ h7!), which
was Sm,MoOy (169.36 pmol g~ h™') is 14.2 times. From a series of characterizations, Sm,MoQj is an effective cocatalyst
to improve the separation of photo-generated charges and the efficiency of electron transfer. Large specific surface areas are
a primary requirement for high efficiency catalysts, and the catalyst is sufficiently into contact with the sensitizer and the
sacrificial agent to soar the photocatalytic activity.

Graphic Abstract

The first condition for an excellent catalyst is that it has a large specific surface area and can provide more active sites. In
the dye sensitization system, the photocatalytic activity of Sm,MoO¢/Ni(OH), is 2.6 times that of Ni(OH), and 14.2 times
that of Sm,MoOg4. Sm,MoQy is an effective co-catalyst.
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1 Introduction

Because traditional energy sources such as oil, coal, and

natural gas are not renewable, they will destroy the atmos-

phere during use. Therefore, the energy issue has risen

54 Jing Xu to social hotspots [1, 2]. Hydrogen is a renewable energy
wgyxj2000@163.com source that is non-polluting and can be obtained by water
splitting [3-5]. The absorption range (ion doping, noble
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metal loading, metal ion implantation, dye sensitization and
conjugated polymer modification, etc.) can be expanded by
modification, and a novel oxide photocatalyst having visible
light-driven activity can be developed to improve sunlight
utilization [6-8]. At present, obtaining efficient, stable and
inexpensive photocatalytic water-decomposing photocata-
lysts remains a huge challenge [9].

Ni-based materials are effective catalysts for such energy
conversion and storage reactions as the oxygen evolution,
the oxygen reduction and supercapacitors [10-12]. Because
nano-Ni(OH), has good electrochemical performance, pro-
ton diffusion coefficient, fast activation speed and grain
resistance are low, it has become a hot topic in the research
fields of optoelectronic materials, gas sensing materials and
battery cathode materials [13, 14]. As a hydrolysis accelera-
tor, Ni(OH), can destroy the H-OH bond after introduction,
thereby increasing the catalytic activity [15]. Ni(OH), can
be prepared by precipitation [16], hydrothermal synthesis
[17], and ion exchange [18]. When the mass ratio of the
flower Ni/Ni(OH), to CdS is 0.5, the hydrogen production
rate is 373.5 pmol h~!, which is 1.7 times that of 1 wt% Pt/
CdS [19].

Rare earth compound based on an electronic, optical
and chemical properties of the 4f electron generation, are
widely used in high-performance light emitting device, the
catalyst material and other functional areas [20, 21]. Metal
molybdate is a typical binary metal oxides having abundant
resources and non-toxic [22-24]. Transition metal molyb-
date can be used for photochemical degradation of different
dyes [25-27]. It is reported that the samarium molybdic can
be used as a fluorescent agent, and the preparation method
is complicated [21, 28]. However, there have been few stud-
ies using rare earth molybdate as a photocatalyst. We used
a simple method to prepare rare earth molybdate (mixing
(NH,)¢Mo,0,,-4H,0 and Sm(NO3);-6H,O at a molar ratio
of 1:1 at ambient temperature) for the first time as a cocata-
lyst. The photocatalytic activity of Ni(OH), is effectively
improved. Sm,MoO/Ni(OH), was successfully prepared by
simply hydrothermal then impregnation. Sm,MoO4/Ni(OH),
composites has strong photocatalytic activity and high pho-
tocatalytic stability under visible light irradiation.

2 Experimental Section
2.1 Preparation of Catalysis

Synthesis of Ni(OH), nanosheets: Added 900 mg urea and
1087.6 mg Ni(NO3),-6H,0 to 60 mL of ethylene glycol solu-
tion (25 mL water and 57.5 mL ethylene glycol). Stirred for
1 h and heat at 120 °C for 4 h. The product was collected
by centrifugation and washed several times with water and
ethanol.
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Synthesis of Sm,MoOg: Added (NH,)¢Mo,0,,-4H,0
and Sm(NO;);-6H,0 to 60 mL of deionized water. After
stirred for 12 h, the product was collected and washed
several times with water and ethanol. The molar ratio of
(NH,)sMo,0,,-4H,0 to Sm(NO;);-6H,0 was 1:1.

Synthesis of Sm,MoO4/Ni(OH),: Dispersed 100 mg of
Ni(OH), nanosheet into 60 mL of deionized water solu-
tion. Added a certain amount of (NH,);Mo,0,,-4H,0 and
Sm(NO;);-6H,0 (the molar ratio of (NH,);Mo-0,,-4H,0
and Sm(NO;);-6H,0 is 1:1.). After stirred for 12 h, the prod-
uct was collected and washed several times with water and
ethanol.

All of the above catalysts were dried at 60 °C for 4 h.

2.2 Characterizations

The morphology of the sample was measured by TEM and
HRTEM (HRTEM, JEOL JEM-2100, Japan). The chemical
structure of the sample is determined by X-ray diffraction
(XRD, Rigaku RINT-2000), and CuKa was irradiated at
30 mA and 40 kV. The chemical elements were determined
by X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi). Fluorescence spectra were determined by a Fluo-
roMAX-4 spectrometer (HORIBA Scientific, France). The
specific surface area was measured by a Micromeritics
ASAP 2020 nitrogen adsorption unit.

2.3 Photocatalytic Hydrogen Production

The photocatalytic hydrogen production experiment was
carried out in a 250 mL closed quartz bottle, and the light
source was a 300 W Xe lamp (A >420 nm). The 20 mg pho-
tocatalyst was added to 100 mL TEOA (10%) solution. After
ultrasonic dispersion for 10 min, 50 mg of Eosin Y were
added, and the dark gas was stirred magnetically for 30 min,
and nitrogen was purged for 40 min. The 0.5 mL of H, was
extracted every 1 h under visible light, and the generated
hydrogen was measured by gas chromatography (N, as a car-
rier gas) using a 13X molecular sieve column and a thermal
conductivity detector (TCD).

2.4 Photoelectrochemical Measurements

Photocurrent measurements were performed on an electro-
chemical workstation (CHI660D, CH Instruments, China)
with an electrolyte solution of 0.1 M Na,SO,. The catalyst
was ultrasonically dispersed in absolute ethanol for 30 min
to prepare a slurry, which was applied onto the surface of
an ITO conductive glass and dried at room temperature
to obtain a working electrode having an effective area of
1x1cm? The light source is a 300 W Xe lamp (A >420 nm).
The prepared sample electrode was used as the working elec-
trode, the platinum wire was the counter electrode and the
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standard, and the saturated calomel electrode (SCE) was
used as the reference electrode.

3 Results and Discussion
3.1 XRD

Figure 1 is the XRD pattern of Ni(OH),, Sm,;MoOg and
Sm,MoO¢/Ni(OH),. The 26 of Sm,MoOy is 28.10° and
47.28°, which corresponding to the (—321) and (640)
crystal planes of Sm,MoQy, respectively. The crystal face
is identical the monoclinic phase of Sm,MoOy (PDF-#24-
0997). The 20 of Ni(OH), is 11.63°, 22.56°, 33.67°, 37.48°
and 59.60°, corresponding to (001), (002), (110), (200) and
(300) of Ni(OH),, respectively. The crystal face is identi-
cal to the hexagonal phase Ni(OH), (PDF-#22-0444).
The diffraction peak of Sm,MoO4/Ni(OH), is consistent
with Ni(OH), and Sm,MoOy. It is indicated that Ni(OH),,
Sm,MoOg and Sm,MoO¢/Ni(OH), are successfully pre-
pared. The particle size of the sample can be calculated
according to the Scherrer formula. The crystallite size of
Ni(OH), is 13.60-68.47 nm, the crystallite size of Sm,MoO
is 37.71-47.19 nm, and the crystallite size of Sm,MoOg/
Ni(OH), is 14.71-73.02 nm. The results show that the com-
posite catalyst Sm,MoO4/Ni(OH), with rare earth molybdate
as cocatalyst was successfully prepared.

3.2 XPS

The elemental composition and valence state analysis of the
composite photocatalyst Sm,MoO4/Ni(OH), was provided
by X-ray photoelectron spectroscopy (XPS). Figure 2a is
the total spectrum of Sm,MoO4/Ni(OH),, which indicates
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Fig.1 XRD patterns of the as-prepared Ni(OH),, Sm,MoO4 and
Sm,MoO/Ni(OH),

the presence of Sm, Mo, Ni and O elements in the compos-
ite catalyst. Figure 2b is the XPS of Ni 2p with two strong
peaks of 855.2 eV and 872.8 eV corresponding to Ni2p;,
and Ni 2p, ,, respectively. This is the classical value of Ni**
in Ni(OH),. Two satellite peaks were also observed with
binding energies of 861.0 eV and 879.5 eV [29]. Figure 2c
is the XPS of Sm 3d, the two peaks with binding energies
of 1083.5 eV and 1110.4 eV are Sm 3ds;, and Sm 3d;,,
respectively. It is indicated that Sm exists in the form of
Sm** in Sm,MoOq [30]. Figure 2d is the XPS of Mo 3d. The
two peaks with binding energies of 235.0 eV and 232.0 eV
correspond to Mo 3d;,, and Mo 3ds,,, respectively. The dif-
ference between the two peaks is 3 eV. It is indicated that
Mo exists in the form of Mo®* in Sm,MoO [31]. Figure 2e
is the XPS of O 1 s, and the peak with a binding energy of
531.0 eV is attributed to Sm,MoOq,.

3.3 TEM

Figure 3a is a TEM of 3% Sm,MoO,/Ni(OH),, and the cata-
lyst consists of nanosheets in the form of fungus. Figure 3b
is the HRTEM of 3% Sm,Mo0O4/Ni(OH), with a lattice spac-
ing of 0.76 nm corresponding to the (001) crystal plane of
Ni(OH),. The lattice spacing is 0.31 nm, which corresponds
to the (—321) crystal plane of Sm,MoMgy. It is in keeping
with the XRD results. Figure 3d—g is the STEM image of
3% Sm,MoO4/Ni(OH), and corresponding energy dispersive
X-ray (EDX) element mapping images of Ni, Mo, Sm and
O, indicating that all elements are present in photocatalyst,
and evenly distributed.

3.4 BET

The large specific surface area provides more active sites and
can adsorb more EY. Figure 4a is the N, adsorption—desorp-
tion isotherm of Sm,MoOQ, Ni(OH), and 3% Sm,MoO/
Ni(OH),. Sm,MoO4/Ni(OH), and Ni(OH), have a type III
isotherm. Sm,MoO, and Sm,MoO4/Ni(OH), have an H3
hysteresis loop and are slit holes formed by stacking of flaky
particles. Ni(OH), has an H4 hysteresis loop and is a slit
hole produced by a layered structure. Figure 4b shows the
pore size distribution curve. Sm,MoOg, Ni(OH), and 3%
Sm,Mo0O¢/Ni(OH), have a similar curve, mainly 0-50 nm
mesopores. Table 1 is the specific surface area, pore size
and pore volume of the catalyst. The specific surface area
of Ni(OH), is 78.78 m* g~!. After loading Sm,MoOj, the
specific surface area was 148.55 m* g=!. As is clear from
Table 1, the specific surface area and pore volume of
Sm,MoOg¢/Ni(OH), are the largest. This is due to the growth
of Sm,MoOyg on the surface of Ni(OH),. The high specific
surface area and large pore volume of the composite are
beneficial for the decomposition of hydrogen produced by
hydrogen in photocatalytic applications.

@ Springer
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Fig.3 TEM (a) and HRTEM (b) images of Sm,;MoO¢/Ni(OH),; STEM image (c) and EDX elemental mapping of Ni (d), Mo (e), Sm (f) and O
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Fig.4 a The N, adsorption—desorption isotherms of Sm,MoQOg, Ni(OH), and 3% Sm,MoO¢/Ni(OH),; bThe pore size distributioncurves of
Sm,Mo0Qy, Ni(OH), and 3% Sm,MoO/Ni(OH),

Table1 The Sggr, pore volume for Sm,MoOg, Ni(OH), and 3% 3.5 Photocatalytic Hydrogen Evolution
Sm,MoO¢/Ni(OH),

Samples Sger (m?g™!)  Pore size (nm)  Pore Figure 5a is the photocatalytic hydrogen production activ-
VOlugmfl ity of Ni(OH),, Sm,MoOg and 3% Sm,MoO./Ni(OH), was
(em’g™) tested by using triethanolamine as a sacrificial agent and
Sm,MoOj 17.17 18.98 0.08 Eosin Y as a sensitizer. Among them, the hydrogen pro-
Ni(OH), 78.78 15.83 0.31 duction of SmyMoOg at 5 h is 42.34 pmol. The hydrogen
Sm,MoO¢/Ni(OH), ~ 148.55 16.07 0.60 production of Ni(OH), at 5 h is 231.34 pmol. The hydrogen
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Fig.5 a Photocatalytic activities of different catalysts; b photocata-
lytic activity of Sm,MoO¢/Ni(OH), with different molar ratios; ¢
photocatalytic activity of Sm,MoO¢/Ni(OH), for 20 h of continuous

production of 3% Sm,MoO¢/Ni(OH), at 5 his 601.87 pmol,
which is 14.2 times that of Sm,MoOg and 2.6 times that of
Ni(OH),. The photocatalytic performance is significantly
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illumination; d stability of photocatalytic activity of 3% Sm,MoOg/
Ni(OH),; e XRD pattern of 3% Sm,MoO¢/Ni(OH), before and after 4
hydrogen production cycles

improved. Sm,MoOg can be used as a high-efficiency cocat-
alyst to significantly improve the separation efficiency of
electron photogenerated electron—holes and accelerate the
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electron transfer on the surface of the composite photocata-
lyst to promote hydrogen evolution activity.

Figure 5b shows that when the content of Ni(OH), is
constant, the content of Sm,MoOQg is the key to the opti-
mum photocatalytic activity, and the loading of Sm,MoO
is from 1 to 5%. The introduction of Sm,MoOg concentra-
tion from 1 to 3% onto Ni(OH), can gradually enhance the
photocatalytic hydrogen production activity by promoting
charge collection. When the loading of Sm,MoO reaches
3%, Sm,MoO¢/Ni(OH), exhibits the best photocatalytic
activity. However, when the loading amount of Sm,MoOg
exceeds 3%, the photocatalytic activity is remarkably low-
ered. This is because the excess Sm,MoOg: (1) covers the
active site on the surface of Ni(OH),, hindering its contact
with the sacrificial agent and the sensitizer; (2) shielding the
incident light and preventing the generation of light absorp-
tion and photogenerated charge; (3) as a charge recombina-
tion center. Therefore, the optimum loading of Sm,MoOj, for
optimal hydrogen production is 3%.

In order to evaluate the stability of 3%Sm,MoO/
Ni(OH),, we measured several cycles and the photocata-
lytic activity of continuous light for 20 h changed with time.
Figure 5c¢ shows the amount of hydrogen produced by con-
tinuous irradiation for 20 h. During the 20 h of illumination,
the hydrogen production of 3%Sm,MoO4/Ni(OH), reached
1733.32 pmol, indicating a stable photocatalytic activity of
about 4333.3 pmol-g~!-h~!. And after the 15th h, the amount
of hydrogen production increased slowly due to the reduc-
tion of the sensitizer and the sacrificial agent.

As shown in Fig. 5d, during the four cycles with a total
reaction time of 20 h, the first three photocatalytic activities
were relatively stable. There was a significant decrease in
the fourth cycle, which was due to the reduction of sensi-
tizer and sacrificial agent in the reaction system, indicating
that Sm,MoO4/Ni(OH), has good photocatalytic hydrogen
production stability.

Figure Se is the XRD of the catalyst before and after
illumination. XRD before and after illumination showed a
decrease in diffraction peaks, but there was no significant
change. The results show that the photocatalytic activity of
the catalyst is relatively stable.

3.6 PL Analysis

Figure 6 is a steady-state fluorescence spectrum of EY,
Sm,MoOg, Ni(OH), and Sm,MoO¢/Ni(OH),. Generally,
the level of electron—hole recombination can be judged by
the level of fluorescence intensity. The maximum emission
peak position of EY is 538 nm. The PL emission peak of
Sm,MoQOg¢ was observed at a wavelength of 540 nm, and
the fluorescence intensity was lowered. The fluorescence
intensity of Ni(OH), also decreased, and the fluorescence

—EY
——Sm5yMoOgq
——Ni(OH),
——SmyMoOg/Ni(OH),

PL Intensity (a.u.)

T y T T T T T
500 520 540 560 580 600 620 640

Wavelength (nm)

Fig.6 PL spectra of EY, Sm,;MoO4 Ni(OH), and Sm,MoO¢/
Ni(OH), samples

intensity of Sm,MoO4/Ni(OH), was the lowest. It is indi-
cated that after the modification of Ni(OH), by Sm,MoO,
the electron—hole separation rate is improved and the photo-
catalytic activity is improved. It is indicated that Sm,MoOg
facilitates the separation of electron-holes and improves the
electron transfer efficiency, thereby promoting photocatalytic
activity. Prove that Sm,MoOy is a highly efficient cocatalyst.

3.7 Electrochemical Analysis

In order to find out the mechanism for enhancing the pho-
tocatalytic hydrogen production activity of Sm,MoO/
Ni(OH),, a series of experiments were conducted. As
shown in Fig. 7a, we first measure the transient photocurrent
response of the sample. The photocatalyst can generate elec-
tron-hole pairs under the light, oxidize electrons on the Pt
electrode, and reduce holes on the working electrode. There
is a transient photocurrent response curve at four intermittent
illuminations, and there is a fast and uniform photocurrent
response with light illumination on and off, indicating that
all samples can be used as excellent photocatalysts. The tran-
sient photocurrent response of Sm,MoO¢/Ni(OH), is much
larger than the transient photocurrent response of Sm,MoOg
and Ni(OH),. The results show that the separation efficiency
of photogenerated carriers in Sm,MoO./Ni(OH), is high,
which indicates that Sm,MoOg can effectively improve the
photoinduced charge separation and the transfer efficiency,
thereby improving the photocatalytic activity.

We show the catalytic HER activity of Sm,MoO¢/
Ni(OH),. For comparison, similar electrochemical measure-
ments of SmyMoOg and Ni(OH), were also performed. Fig-
ure 7b shows the LSV curve with a scan rate of 0.5 mV s™".
Compared with Sm,MoOg4 and Ni(OH),, Sm,MoO4/Ni(OH),

@ Springer
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has the lowest overpotential. Because photocatalytic hydro-
gen production depends on the overpotential of the HER
reaction, the results clearly indicate that Sm,MoO4/Ni(OH),
is a better photocatalyst.

3.8 Photo-Catalytic Mechanism

Based on the above results, a possible photocatalytic hydro-
gen production mechanism is proposed in Fig. 8. Both the EY
molecule and Ni(OH), can be photoexcited under the irradia-
tion of visible light. Electron transfer and reaction are mainly
divided into the following two parts: (1) The EY molecule
absorbs photons to form a single excited state EY'", and EY'"
forms a triplet excited state through intersystem transitions.
EY?** is reduced by TEOA to produce EY " and oxidized elec-
tron donors. EY " is transferred to Ni(OH), and further trans-
ferred to the reaction site of Sm,MoQOg. Protons are reduced

Fig.8 The photocatalytic
hydrogen production mecha-
nism over EY sensitized
Sm,MoO¢/Ni(OH), system
under visible light irradiation

Ni(OH),

&= Sm;Mo0,
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by electrons to produce H,. (2) Ni(OH), absorbs photons to
generate electrons and holes, and electrons are transferred to
the conduction band while the holes remain in the valence
band. Electrons are transferred to Sm,MoQOy, reducing pro-
tons to produce H,, and holes are reduced by TEOA. The EY
molecule is returned to the ground state. Due to the synergy
between Ni(OH), and Sm,MoQ, the charge transfer rate is
promoted and the photocatalytic activity is improved. The cor-
responding chemical reaction is as follows:

hv IsC
EY — EYY"— EY**EY* + TEOA —» EY~ + TEOA™

EY~(e7) > Ni(OH)Z(eEB) — SmyMoO(e
2¢” +2H,0 - H, + 20H~
ht + TEOA — TEOA*

cn)
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hv
Ni(OH),— ez, + h‘tB
2¢” +2H,0 - H, + 20H~
ht + TEOA — TEOA*

4 Conclusions

For the first time, using Sm,MoOQy as a cocatalyst, the pho-
tocatalytic activity of Ni(OH), was significantly improved.
Sm,MoO/Ni(OH), was prepared by first hydrothermal
followed by impregnation. Sm,MoO4/Ni(OH), has a high
specific surface area, which is a major requirement for an
effective catalyst, providing more active sites and allow-
ing the catalyst to be in sufficient contact with the sensi-
tizer and the sacrificial agent. From photocurrent response
and steady-state fluorescence, Sm,MoQj can effectively
improve the electron transfer efficiency of Sm,MoOg/
Ni(OH), and inhibit the recombination of electrons and
holes. The hydrogen production rate of 3% Sm,MoO/
Ni(OH), was 2407.48 pmol g~ h™!, which was 14.2 times
that of Sm,MoOg and 2.6 times that of Ni(OH),. Moreo-
ver, the stability of 3% Sm,MoO/Ni(OH), is good. Due to
the synergistic effect between Sm,MoOg4 and Ni(OH),, the
rapid transfer of charge can be promoted and the efficiency
and activity of photocatalytic hydrogen production can be
improved. Sm,MoOQy is a potentially efficient cocatalyst.
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