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Abstract

Hydrogen is a clean shuttle of energy storage that can naturally reserve solar and
wind energy. However, the lack of a safe and efficient storage of hydrogen in a tank
for use in automobiles limits its widespread use. Therefore, developing an on-board
storage and controlling the release of hydrogen are important for the practical
application of hydrogen fuels. This article reported the cobalt-doped MoS, catalyst
enhances the safe release of hydrogen from aqueous ammonia borane by
piezo-photocatalysis. Results indicated that the H, yield of cobalt-doped MoS, was
4.84 times as many as that of pristine MoS, under ultrasonic and 850 nm near-infrared
irradiation conditions. The piezo-current of the cobalt-doped MoS, was observed for
the first time by electrochemical technique. A reaction mechanism was raised for
hydrogen evolution based on an enhanced built-in field in cobalt-doped MoS, lattices

upon piezo-electric conditions.

Keywords: Piezo-photocatalysis; Self-powered hydrogen evolution; Near-infrared
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1. Introduction

Hydrogen is a clean shuttle of energy storage that can naturally reserve solar and
wind energy [1]. The combustion of hydrogen gas in fuel cells in vehicles releases
only clean water, which is environmental friendly and can be split into hydrogen gas
by photo-catalytic, electrochemical or photo-electrochemical techniques again.
However, the lack of a safe and efficient storage of hydrogen in a tank for use in
automobiles limits its widespread use [2]. Therefore, developing an on-board storage
and controlling the release of hydrogen are important for the practical application of
hydrogen fuels. Ammonia borane (NH3BH3;) is a leading material with high hydrogen
content up to 19.6 wt.%, high stability, and non-toxicity under ambient conditions
[3-7]. Thus, NH3BH; is more effective and safer for storing hydrogen than gas or
liquid H, [8,9]. In theory, hydrogen can be released from NH3;BH; by solvolysis or
thermolysis in the presence of a suitable catalyst as follows:

NH;BHj; (aq) + 2H,0(1) = NH, BOy(aq) + 3Hx(g). Eq. (1)

Three moles of H, per mole of NH3;BH; can be released for fuel cells or hydrogen
engines in an automobile at ambient temperature. However, the release of hydrogen
from the storage material is very slow. For the fast and efficient release of hydrogen,
some catalysts containing noble metals such as Pt [10,11], Pd [12], Rh [13], Au
[12,14], and others [15], have been developed. Nevertheless, their applications are
very limited due to the high cost and low abundance of noble metals. In the context,
non-noble metal catalysts for efficient release of hydrogen need developing [16-19].

Among non-noble metal catalysts, molybdenum disulfide (MoS,) is a suitable

DOI: 10.1039/DONJ01053G


https://doi.org/10.1039/d0nj01053g

Page 3 of 26 New Journal of Chemistry

View Article Online

electro-catalyst and photocatalyst for hydrogen production from aqueous ¥oliftiot 2" 19>
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[20-22]. Some of electro-catalysts based on MoS, have been derived by doping
[23-26], embedding [27], hybridizing [28-31], fabricating heterojunction [32-36],
decorating single Ni atom on MoS, [37]. The piezo-catalytic performances of
few-layer MoS,, WS,, and WSe, for water splitting and degradation of
organic pollutants also have been reported [38]. However, the enhanced
piezo-photocatalytic hydrogen production of cobalt-doped MoS, (Co-doped MoS,)
has not yet been reported. In the article, we described the release of hydrogen gas
enhanced by doping of cobalt in MoS, based on piezo-electric effect and near-infrared
(NIR) irradiation since MoS, is a conductor with narrow band gap of 1.3 eV for

harvesting near-infrared irradiation.

2. Experimental section
2.1 Chemicals

Thiourea (CS(NH;),) and cobalt chloride hexahydrate (CoCl,-6H,O) were
purchased from Sigma-Aldrich, China. Sodium molybdate dihydrate (Na,MoO,4-2H,0)
and anhydrous sodium sulfate (Na,SO4) were obtained from Sinopharm Chemical
Reagent Co., Ltd. Ammonium borate was purchased Alddin Ltd. Indium tin oxide
(ITO) conductive glass with 10 Q was acquired from Zhuhai Kaivo Optoelectronic
Technology Co. Ltd. The ITO glass was ultrasonically treated for 1 h and then dried
under air conditions. All reagents used were of analytical grade and applied without

further purification. All solutions were prepared with 18.2 MQ-cm deionized Milli-Q
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water.
2.2 Synthesis of Co-doped MoS,

Na,Mo00O4-2H,0 (2.42 g, 0.01 mol) and (NH;),CS (3.05 g, 0.040 mol) were
separately dissolved in 30.0 mL of deionized water by vigorously stirring.
CoCl,-6H,0 (0.595 g, 0.0025 mol) was dissolved in 10.0 mL of deionized water.
Then, 30.0 mL of (NH,),CS solution and 10.0 mL of CoCl,-6H,O solution were
dripped in Na;MoO,4-2H,0 solution. Deionized water of 10.0 mL was also added in
the Na,Mo0O,4-2H,0 solution, producing 80.0 mL of mixed solution. The mixed
solution was ultrasonically dispersed for 1 h and then transferred into a 100 mL
Teflon-lined stainless-steel autoclave, which was subsequently sealed and maintained
at 200 °C for 24 h. The black products were collected and filtered under vacuum,
washed carefully with deionized water and anhydrous ethanol in sequence, and finally
dried at 60 °C in a vacuum chamber for 6 h to obtain Co-doped MoS, precipitates.
The Co-MoS, sample was utilized for the characterization and piezo-photocatalytic
hydrogen production. Similarly, pure MoS, and Co-doped MoS, with different doping
concentrations were synthesized for comparison.
2.3 Structural Characterization

X-ray diffraction (XRD) was performed with an X’Pert-Pro MPD X-ray

diffractometer (Panalytical, Netherlands). The X-ray source emitted Cu-Ka radiation

with a wavelength of 0.154 nm at a tube voltage of 40 kV and a tube current of 40 mA.

Morphological observations were conducted via transmission electron microscopy

(TEM; Tecnai G220; FEI, USA). The Co-doped MoS, and MoS, powders were

DOI: 10.1039/DONJ01053G
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4 dispersed in water by an ultrasonication device, placed on carbon-coated copper grids;’°o"7710>3¢
5

6

7 and then dried under ambient conditions prior to TEM. UV-Vis-NIR diffuse
8

?o reflectance spectra (UV-Vis-NIR DRS) were recorded on a Shimadzu UV-Vis NIR
1

12 spectrometer (UV-3600 plus, Japan) within the wavelength scope of 190-3400 nm.
13

1;’ Raman spectra were obtained in LabRAM HR800 Raman analyzers.

16

17 X-ray photoelectron spectrometry (XPS) with an XSAM 800 apparatus was
18

19 . ..

20 applied to measure the composition of the Co-doped MoS,; catalysts and the valence
21

%g states of Co, Mo, and S in the Co-doped MoS, with different Co-doping

'y

25 concentrations to reveal the piezo-catalytic and photocatalytic reaction mechanism.

6

%é The carbon Is peak at 284.60 eV was utilized to calibrate the binding energy (Ey)

29
0 scale. The aluminum Ka 1.2 line (hv 1486.60 eV) worked as the X-ray excitation
1

2 .

S3 source, and all powder samples were dispersed on a gold-plated copper surface. To

34

§2 achieve maximum instrumental resolution, we recorded the spectra in fixed analyzer
7

28 transmission mode. The instrument was run under a vacuum of 1 X 10 Torr in the
9

j? analysis chamber. Wide and high-resolution spectra were recorded at a constant pass

42

43 energy of 50 eV and channel widths of 1.0 and 0.1 eV.

44

45

46 LSV was carried out with a CHI660C electrochemistry workstation (Chen Hua

47

jg Instruments, Shanghai, China) in a conventional three-electrode system, where a ITO

50 o

51 electrode (1x1 cm?) was utilized as the working electrode, a saturated calomel

52

gi electrode (SCE) as the reference electrode, and a platinum plate as the counter

55

56 electrode, respectively. All potentials were converted to the reversible hydrogen

57

58

59 electrode (RHE). Photoelectrochemical measurements were performed in 0.50 mol/L
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H,SO, solution, and a 50 W LED lamp (850 nm) was used as the NIR light sércd for/°o"7010>3¢

exciting the Co-doped MoS, on ITO electrodes to observe the photo-currents.

Piezo-currents of the Co-doped MoS, were also measured with a CHI660C
electrochemistry workstation as follows. First, a 10 mm x 18 mm ITO glass was used
as the bottom electrode, on which about 20 mg of the Co-doped MoS, was uniformly
distributed on a square of 10 x 10 mm?, and then another ITO glass was used as the
top electrode to fabricate a sandwich piezo-measurement cell (Fig. S1 and 2, the
measurement method is reliable and believable, see Fig.S3). A swallow clincher (15
mm X 6.5 mm) was used to clamp the sandwich piezo-measurement cell to maintain
its stability, and another swallow clincher was used to bring pressure on or relax the
piezo-measurement cell by closing or opening it, respectively. Each of the swallow
clincher exerted about 1.2 &+ 0.1 kg force on the measurement cell (that is, 1.2 + 0.1 kg
force was exerted on a 10 mm X 10 mm sample when the swallow clincher was
closed).
2.4 Piezo-photocatalytic hydrogen evolution

The piezo-catalytic and photocatalytic H, production was performed in a sealed

photocatalytic reaction system (Labsolar 6A photocatalytic system, Perfect light Co.
Ltd., Beijing, China) with a 100 mL aqueous solution containing 0.05 mol/L
ammonium borate, which was irradiated under 50 W NIR light with A = 850 nm. An
ultrasonic generator with 200 W power was used to exert mechanical energy to the
Co-doped MoS, for piezocatalysis at 40 KHz. It was coupled with a DC-0506 liquid

thermostatic bath to maintain a constant temperature of 23 + 2 °C. The reaction system
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with volume of 465 mL was evacuated to the initial internal pressure at 001 KpPa/>o"7710>3¢

oNOYTULT D WN =

before reaction. It was matched with a GC-7806 gas chromatograph (Shiwei Puxin
Instruments Co. Ltd., Beijing, China) to measure the concentration of H, formed
during the piezo-catalytic or/and NIR photocatalytic process at 1 h intervals. A
chromatographic column of 5 m length x 2 mm i.d. filled with 5 A molecular sieve
was utilized as a separating column. High-purity argon was utilized as the carrier gas.
The flow rate of the carrier gas was set at 23 mL/min, and the thermal conductivity
tank was used to detect H,. The column temperature was set at 80 °C, the inlet

temperature at 120 °C, and the detector temperature at 150 °C.

3 Results and discussion
3.1 Characterization of Co-doped MoS, nanoflowers

The as-synthesized Co-doped MoS, samples were observed by TEM. The
flower-like Co-doped MoS; is displayed in Fig. 1A, where the layered structure of
MoS, can be clearly observed. The d-spacing value of 0.63 nm in the fingerprint
region of high-resolution image in Fig. 1B, which corresponds to the (002) inter-plane
distance of MoS; crystal lattices, confirmed that the cobalt atoms were incorporated in
the MoS, lattices. It was also confirmed by XRD as presented in Fig. 1C. The
diffraction peaks of the as-synthesized MoS, and Co-doped MoS, can be indexed to
the typical hexagonal structure (JCPDS 37-1492, space group: P;%/mmc, a = 3.12 A, c
=12.555 A, .= B =90° and y = 120°) of crystalline MoS, [39]. Four diffraction peaks

at 20 = 13.3°, 35.8°, 39.5°, and 57.6° were assigned to the Bragg diffractions from the
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(002), (100), (103), and (110) planes of MoS,, respectively. In particular, the prithaty’°o"7*10>*¢

peak for both samples at 20 = 13.3°, which corresponds to the (002) diffraction plane
of MoS,, together with the d-spacing of 0.63 nm in Fig. 1B, confirmed that cobalt
atoms were doped in MoS; lattice structure.

The typical photoluminescence spectrum of Co-doped MoS, nanoflowers is
depicted in Fig. 1D, displaying broad emission in the wavelength scope of 360—800
nm. The broad PL spectrum was deconvoluted into three separate peaks using
Gaussian fitting as shown in Fig. 1E. An intense peak centered at 525 nm (2.36 eV) is
attributed to the emission from Co-doped MoS, nanocrystals, which is in very good
agreement with the absorption peak of MoS, in the UV-Visible NIR diffuse
reflectance spectra (UV-Vis-NIR DRS) in Fig. 2A, whereas the weak transitions
centered at 640 (1.94 eV) and 720 nm (1.72 eV) are the characteristic emission peaks
of few-layer Co-doped MoS, [40], which correspond to the direct band gaps of the
as-synthesized Co-doped MoS,. The split valence band (220 meV) between two weak

transitions may be related to the incorporation of cobalt atoms into MoS, lattices.
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Fig. 1. (A) TEM image of the as-synthesized Co-doped MoS, nanoflowers. (B)
high-resolution TEM image of Co-doped MoS, with 0.63 nm spacing-d value. (C)
XRD patterns of the as-synthesized Co-doped MoS, (a) and MoS, (b) nanoflowers.
(D) PL emission spectra of Co-doped MoS; (a) and MoS, (b) nanoflowers exited by

325 nm laser. (E) Deconvoluted PL emission spectrum of Co-doped MoS,.

UV-Visible NIR diffuse reflectance spectra in Fig. 2A indicate an absorption
peak at 895 nm both in MoS, and Co-doped MoS, samples, revealing an absorption
response to NIR irradiation. Simultaneously, a blue-shift occurred in the visible
region after cobalt atoms were incorporated in MoS, lattices as shown in curve (a) in
Fig. 2A. The UV-Visible NIR diffuse reflectance curves were transmitted, and
(ahv)V? was plotted against photon energy Av in terms of Tauc formula, thereby
forming curves (a) and (b) in Fig. 2B. The linear relation of (ahv)'? against hv
demonstrated the indirect transition of carriers excited by photons in the materials.

The resulting intercept was 0.96 eV in the case of Co-doped MoS,, which is 0.04 eV
10
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smaller than that in the case of pristine MoS,. In general, the indirect band“gap' of 2" 910>
MoS; is 1.30 eV. The small band gaps might be caused by the lower crystallinity and

defects in the synthesized MoS,. An increase in defect degree will lead to narrowing

of the band gap [41-43].

0359 525nm A
1 |
895 nm

(a)Co-MoS»

400 600 800 1000 1200 1400

Wavelength / nm

1.0 15 20 25 30 35

Photon energy / eV

Fig. 2 (A) UV-Vis-NIR DRS of the as-synthesized Co-doped MoS; (a) and MoS, (b)
samples. (B) Tauc plots for the indirect band gaps of Co-doped MoS, (a) and MoS; (b)

samples.

11
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The composition of the as-synthesized Co-doped MoS, material was fufthe
explored by X-ray photoelectron spectroscopy (XPS). The XPS survey spectrum
indicated the presence of molybdenum, sulfur, cobalt, and oxygen in the Co-doped
MoS,, whereas no cobalt was found in undoped MoS, (Fig. 3A). The binding energies
located at 229.0 and 232.6 eV were attributed to 3d5/2 and 3d3/2 of Mo(IV),
respectively, and the shoulder peak at 226.0 eV corresponded to the binding energy of
S 2p (Fig.3B). The peaks at 232.0 and 236.0 eV revealed a fraction of Mo(VI) in the
as-synthesized Co-doped MoS,, showing that Mo(VI) was not completely reduced to
Mo(IV) during the hydrothermal reaction. A fraction of MoO; was possibly present in
the as-synthesized species because oxygen was also detected in the XPS survey
spectra [44,45]. On the basis of the high-resolution S 2p spectrum in Fig. 3C, the
doublet peaks located at 161.7 and 162.9 eV were assigned to the 2p 3/2 and 2p 1/2 of
S27in the Co-doped MoS,, whereas the peak located at 169.2 eV was ascribed to S¢*
[45]. The Co 2p spectra were fitted with four doublets (Fig. 3D). A pair of peaks at
779.1 and 793.9 eV with a wide separation of 14.8 eV because of the strong spin orbit
coupling (14.8 e€V) of the Co 2p peak were from 2p 3/2 and 2p 1/2 of Co?" in the
Co-doped MoS; phase, respectively, whereas the other ones at 782.0 and 797.9 eV
were from 2p 3/2 and 2p 1/2 of Co?". It may originate from the presence of CoSO,

because the peak of S¢*, as shown previously, was found in Fig.3C [45,46].

12
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Fig. 3. (A) XPS survey spectra of Co-doped MoS, and undoped MoS,. (B)

High-resolution Mo 3d XPS spectra. (C) High-resolution S 2p XPS spectra. (D)

High-resolution Co 2p XPS spectrum.
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3.2 Hydrogen yield enhanced by doping of cobalt under ultrasonic and 850 nmni’>%"%9>*

oNOYTULT D WN =

NIR irradiation

The pristine MoS; and a series of Co-doped MoS, samples were synthesized to
compare with their piezo-photocatalytic activities as shown in Fig.4. The results
indicated that the yield of hydrogen was boosting with the content of cobalt doped in
MoS; as presented in curves b, ¢, d, e, compared with curve a in pristine MoS,. The
top value approached to 1.84 mmol H, when the cobalt content reached 12.78%,
which is 4.8-fold as many as that in pristine MoS; (0.38 mmol) under similar
conditions. It showed that the doping of cobalt significantly enhanced the
piezo-photocatalytic activity of MoS,, which is similar to the doping of vanadium in
BiOIO; [47], also, to the replacement of halogen ions for OH in Bi,0,(OH)(NO;)[48].
Instead, the yield of hydrogen started to decrease as shown in curves g and h when the
content of cobalt exceeded 12.8%, indicating an optimum content of cobalt doped in

MOSZ.

2.0- - .

| —8—0.00% (a)
—e—2.14% (b)
1.54=4=369%() "rrrrTTE
—y—7.24% (d) ’”
{1=—9.77% (¢
——12.78% ()
1.04——15.03%(2)

—e—19.20% (h)

H, yield / mmol

H» yield / mmol

Time/h
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Fig. 4. Effects of doping of cobalt in MoS, on hydrogen yield. The evolttioh'Gf ">

hydrogen using 0.10 g of MoS; as catalyst in 0.05 mol/L NH3;BH; 100 mL solution
under ultrasonic and 850 nm irradiation conditions. The content of cobalt doped in
MoS;: (a), 0.00% (pristine MoS;); (b), 2.14%; (c), 3.69%; (d), 7.24%; (e), 9.77%; (1),

12.78%; (g), 15.03; (h), 19.20%.

In order to survey the effects of the ultrasonic, irradiation and Co-doped MoS,,
respectively, the blank and control tests were done. The results revealed that 0.24
mmol hydrogen was turned out naturally without catalyst, ultrasonic vibration nor
NIR irradiation as shown in curve 1 in Fig.5. The hydrogen yield rose to 0.62 mmol
(curve 2) when 0.10 g of Co-doped MoS, catalyst was used in 0.05 mol/L. NH;BHj;
100 mL solution even without ultrasonic vibration nor NIR irradiation, indicating the
Co-doped is capable of promoting hydrogen generation. The NH;BH; solution
containing 0.1 g Co-doped MoS, catalyst was irradiation only by 850 nm NIR,
producing 0.84 mmol hydrogen gas (curve 3). The same solution containing 0.1 g
Co-doped MoS,; catalyst was excited only by ultrasonic wave, resulting in 0.92 mmol
hydrogen (curve 4). The yield of 0.92 mmol is larger than that of 0.62 mmol in the
presence of the catalyst but absence of ultrasonic wave as shown in curve 2, revealing
ultrasonic wave significantly fastening the formation of hydrogen. Moreover, the
hydrogen yield raised to 1.84 mmol under similar conditions when ultrasonic and NIR

irradiation were applied simultaneously (curve 5). These data are listed in Table 1.

16
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Table 1. Yields of hydrogen gas under different conditions

No. Catalyst Irradiation Ultrasonic Yield / mmol | *Elevated yield / mmol
1 No No No 0.24 /
2 Yes No No 0.62 0.00
3 Yes Yes No 0.84 0.22
4 Yes No Yes 0.92 0.30
5 Yes Yes Yes 1.84 1.22

*Elevated yield is defined as the difference between the corresponding
hydrogen yield and one that only in the presence of 0.1 g Co-doped MoS, without

irradiation nor ultrasonic vibration.

2.0-

5
. 1.54 |-==(5)
o)
:
~ 1.0- 4
% /23
2 )
Q1 0.5- —
T

41

Fig. 5. Blank and control tests. (1), natural hydrogen yield of 0.05 mol/L NH3;BHj;
100 mL solution without catalyst, ultrasonic vibration nor NIR irradiation; (2), 0.10 g

of Co-doped MoS, catalyst in 0.05 mol/L NH3;BH; 100 mL solution without

17
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ultrasonic vibration and NIR irradiation; (3), in the case of (2) only upon 850 it NfR/PON/010>%¢

irradiation; (4), in the case of (2) excited only by ultrasonic vibration; and (5),in the

case of (2) excited by both ultrasonic vibration and NIR irradiation.

Compared with curve 2 in the case of Co-doped MoS, catalyst, curve 3 demonstrated
an elevated hydrogen yield (0.22 mmol) under NIR irradiation, implying that
Co-doped MoS, is capable of harvesting NIR energy. Moreover, the elevated
hydrogen yield (0.3 mmol) under ultrasonic vibration is higher than that under NIR
irradiation, indicating that ultrasonic energy improved more efficiently the yield. Most
of all, the elevated yield approached to 1.22 mmol under both ultrasonic and NIR
irradiation, which is still larger than the sum (0.52 mmol) of ultrasonic and NIR
irradiation, indicating the synergism between the ultrasonic and NIR irradiation. In
addition, the control experiment using 0.1 g Co-doped MoS, catalyst in water with
ultrasonic vibration and without NH;BH;. The results showed the 25.5 nmol H, was
detected at 12 h, this value is much less than 1.22 mmol (1.22x10° nmol), which is the
case in the presence of 0.1 g Co-doped MoS; catalyst in 0.05 mol/L NH3;BH; 100 mL
solution excited by both ultrasonic vibration and NIR irradiation. Also, the 25.5 nmol
H, is less than that (0.3 mmol) in the case in the presence of 0.1 g Co-doped MoS,
catalyst in 0.05 mol/L NH3BH; 100 mL solution excited only by ultrasonic vibration.
The recycling tests with 0.1 g Co-doped MoS, on the hydrogen evolution have been
conducted for 5 runs under piezo-photo-catalytic conditions. The results showed that
the yield still maintained about 1.83 mmol even at 5th run, indicating the Co-doped

MoS; catalyst is very stable.

3.3 Mechanism exploration
3.3.1 Evidences for piezo-electric effect and NIR response

In order to confirm the piezo-electric effect, the piezo-currents of the Co-doped
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MoS, and pristine MoS, were measured by exerting a pressure of 1.1 + 0.1 kgféni?'6i/°o"710>5¢
between ITO electrodes, respectively, the results were shown in Fig. 6 (the detailed

procedures could be in Supplementary Materials).
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Fig. 6. Piezo-current signals measured by the i-t curve technique for applied
pressure. The potential of the top electrode was set as 0.00 V versus reference or

working electrode. (a) Co-doped MoS,. (b) pristine MoS,.

The remarkable piezo-currents of both Co-doped MoS, and pristine MoS, were
observed. The piezo-current derived from the Co-doped MoS, is about -60 pA/cm?,
whereas the one derived from pristine MoS, is about 8 pA/cm?. By comparison, the
absolute value of the piezo-current derived from the Co-doped MoS; is nearly 8 times
as much as that of the piezo-current from pristine MoS,, which is in good agreement
with the hydrogen yield. Thus, the enhanced piezo-catalytic activity is attributed to
the doping of cobalt in MoS,.

It is known well that the piezoelectric effect is a coupling of mechanics and
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electric polarization. When a dielectric material is deformed through an applied: foree/0oNI01053G
along its asymmetry direction, the positive and negative charges are generated on two
opposite surfaces. The asymmetry of the material will facilitate its electric
polarization, resulting in enhancing the built-in electric field. In turn, the enhanced
built-in electric field will promote the separation of charges generated on irradiation.
In our case, the doping of cobalt in MoS, increased its asymmetry in structure,
resulting in enhanced piezoelectric effect [47,48]. The enhanced piezoelectric effect
fabricated a polar built-in electric field, facilitating the more efficient separation of

photo-generated carries and increasing the hydrogen yield.

In order to elucidate the role of NIR irradiation, the linear sweep voltammetry
was used to detect the currents of Co-doped MoS, upon NIR irradiation and in the

dark as shown in Fig.7, respectively.

0.0-
<
=
3)
»
)
U 0.2' CO-MOSz
b//, Co-MoS, upon 850nm irradiation
0.3 - . - . . . . \
-0.5 -04 -0.3 -0.2 -0.1

E/Vvs RHE

Fig. 7. Linear sweep voltammetric curves of Co-doped MoS; on ITO electrode in 0.50
mol/L H,SO4 solution upon 850 nm NIR irradiation (a) and in the dark (b). Sweep rate

was 5.0 mV/s.
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Compared with the dark current, the photo-current start to appear at -0.33"V
RHE upon NIR irradiation, which revealed the Co-doped MoS, material is capable of
transforming NIR irradiation to electric energy. It is reasonable that the indirect band
gap of MoS,; falls in the range of 1.16-1.30 eV [49-51], which indicated that the
material can harvest NIR irradiation to produce hydrogen gas.

3.3.2 Reaction mechanism

Piezoelectrics can produce polarized positive charges (+) on one end of the unit and
negative charges (-) on the other end under either stress or strain. Driven by
piezoelectric polarization field, the photoinduced e-and h* can be efficiently separated
and propelled to migrate in opposite directions, benefiting the migration of bulk
charges to surface active sites for participating in various photocatalytic reactions
[48,52,53]. It has been known that Co-doped MoS, possesses both piezo-electric
property and photo-electric transformation property based on the piezo-currents and
photo-currents mentioned above. Thus, a built-in electric field in lattices of Co-doped
MoS, can be fabricated upon oscillation, as shown in Fig.8. Then, the positive and
negative photo-generated carries are generated under NIR irradiation. Finally, the
photo-generated positive charges migrate along the direction of the built-in electric
field and the photo-generated negative charges shift opposite to the direction of the
built-in electric field. As a result, the hydrogen gas is formed fast. The overall

reaction mechanism could be displayed in Fig. 8.

Oscillation

[ ] Doped cobalt

!
The direction of built-in Pairs of electrons and
electric field formed by holes generated by NIR
piezo-effect

Fig. 8. Reaction mechanism of piezo-photocatalytic H, production of Co-doped MoS,
21
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Conclusion

The doping of cobalt in MoS, enhanced the piezo-electricity of MoS,, which
fabricated a stronger built-in electric field in lattices of Co-doped MoS,. It, in turn,
promoted the separation of photo-generated electrons and holes, and resulted in a high
yield of hydrogen. The enhanced piezo-catalytic feature of Co-doped MoS, for H,
evolution could be regarded as a self-powered model of hydrogen evolution for

vehicles due to vehicle vibration on run.
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