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Abstract: Black phosphorus (BP) has recently emerged as a versatile photocatalyst owing to its
unique photophysical properties and tunable bandgap. Nonetheless, the rapid recombination of the
photogenerated charges of pristine BP samples has significantly hindered its practical applications
in photocatalysis. Herein, we report, for the first time, the effect of transition metal nanoparticles
(Ni and Co) as co-catalysts on the photocatalytic activity of BP/tungsten disulfide (WS;) binary
heterojunctions (BP/WS,-TM (TM: Ni, Co)) in the hydrogen evolution reaction (HER) under visible
light irradiation (A > 420 nm). Ternary heterojunctions named BP/WS,-TM (TM: Ni, Co) were
synthesized via a chemical reduction method, leading to the formation of an S-scheme heterojunction,
in which BP acts as a reduction catalyst and WS; serves as an oxidation catalyst. BP/WS;,-Ni and
BP/WS,-Co performed substantial amounts of hydrogen generation of 9.53 mmol h~'g~! and
12.13 mmol hflgfl, respectively. Moreover, BP/WS,-Co exhibited about 5 and 15 times higher
photocatalytic activity compared to the binary BP /WS, heterojunctions and pristine BP, respectively.
The enhanced photocatalytic activity of the heterojunction catalysts is attributed to the extended
light absorption ability, enhanced charge separation, and larger active sites. This study is the
first example of photocatalytic hydrogen evolution from water by using Ni- and Co-doped binary
BP/WS; heterojunctions.

Keywords: black phosphorus; tungsten disulfide; heterojunction photocatalyst; hydrogen evolution
reaction; photocatalysis; solar hydrogen

1. Introduction

Carbon-free hydrogen, namely green hydrogen, has been considered as a represen-
tative of the next-generation clean energy carriers owing to its remarkable properties
including superior energy density per unit mass/volume, and environmental friendliness.
Following the revolutionary study by Fujishima and Honda [1], solar-light-driven pho-
tocatalytic water splitting has attracted attention as a promising strategy for high-yield
hydrogen production [2-7]. Current progress in this technology involves the development
of earth-abundant, low-priced, non-toxic, and stable photocatalysts for both the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER). To date, numerous
nanomaterials including metal sulfides [8], metal oxides [9-11], metal-free semiconductors
(graphitic carbon nitride (g-CN), BP, etc.), and transition metal dichalcogenides (TMDs:
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two-dimensional (2D) layered materials such as WS;, MoS,, and WSe;) have been prepared
to achieve efficient charge separation and transfer to provide high photocatalytic activity in
water splitting [12-15]. Nevertheless, researchers are still making great efforts to develop
ideal photocatalysts, such as those that have a high visible light absorption, lower electron—
hole pair recombination rate, faster charge transport, and outstanding charge separation
for more efficient photoctalytic HER [16]. Two-dimensional metal-free photocatalysts with
enhanced visible light absorption have gained importance as new solar energy conversion
materials because of their properties, such as cost efficiency, abundance, and a lack of
toxicity [17-19]. In recent years, BP has obtained strong attention in photocatalysis as a
metal-free semiconductor due to its unique physicochemical properties, which include
strong anisotropic light-matter interaction, excellent light absorption (from ultraviolet
(UV) to infrared (IR)), and a unique orthorhombic crystal shape [18,20]. However, some
fundamental limitations of the pristine BP such as weak hydrogen adsorption capacity, a
fast recombination rate of charge carriers, lack of surface active sites, narrow band gap,
and easy degradation lead to insufficient photocatalytic hydrogen generation [21]. Various
techniques such as doping with metal or non-metal ions [22,23], adding suitable nanostruc-
tures of co-catalysts [24,25], metal loading [26,27], and construction heterojunctions with
other semiconductors [28] have been developed to overcome the shortcomings of BP. On
the other hand, 2D-layered transition metal disulfides (TMDs), which consist of S-M-S
layers connected by intramolecular bonds, have been considered fascinating candidates for
photocatalysis due to their unique optical and electrical properties [29-36]. WS,, which is a
member of the layered 2D metal dichalcogenides, has promising catalytic activity for HER
due to its intrinsic properties such as tunable morphology, broad spectral range from NIR to
UV, and strong W-S bonding [30,32]. WS, and BP could form a binary heterojunction with
higher light absorption, charge separation, and reactive centers, which offer remarkable
efficiency and stability in photocatalytic water splitting [37].

Photocatalytic HER in the presence of a noble-metal-free BP/MoS, nanohybrid was
investigated using CdS nanorods as light sensitizers under solar light irradiation. CdS/BP-
MoS, nanohybrids showed remarkable photocatalytic activity with a 183.24 mmol h™! g1
hydrogen amount, and catalytic stability, which were attributed to the abundant active
sites, high light absorption ability, and improved charge carrier mobility [38]. Moreover,
BP/MoS; photocatalysts were prepared using BP samples for solar HER. A substantial
hydrogen evolution rate of 341 umol h~!g~! was obtained by irradiating the BP/MoS,
with >550 nm light. In addition, the optimized BP/MoS, generated 1286 pmol h~1g~!
hydrogen when illuminated with visible light (A > 420 nm). This study showed that the
photocatalytic performance of BP is affected positively with a reduced number of layers,
since the less layered BP nanosheets have a much wider bandgap [18]. Furthermore, the 2D
BP/WS; heterojunction was reported as a noble-metal-free NIR-driven photocatalyst for the
photocatalytic HER. BP/WS, produced 2.49 and 1.55 umol hydrogen under >780 nm and
808 nm NIR laser irradiation, respectively, which was higher than that of pristine BP and
WS, [30]. However, it has been shown that earth-abundant transition metal nanoparticles
(NPs) can affect the photocatalytic activity of semiconductor photocatalysts by providing
more active sites, light absorption, and charge separation [39]. Considering the effect of
transition metal NPs as co-catalysts on BP/TMDs heterojunctions, to the best of the authors’
knowledge, there is no report on the investigation of transition metal modification on the
BP /WS, heterojunctions to improve their photocatalytic HER activity.

In this context, we report, for the first time, the preparation of ternary heterojunctions
doped with first-row transition metals (BP/WS,-TM (TM: Ni, Co)) for photocatalytic HER
under visible light irradiation. The photocatalytic activities of the heterojunction catalysts
were investigated by using eosin-Y (EY) and triethanolamine (TEOA) as a sensitizer and
sacrificial agent, respectively, under visible light irradiation (A > 420 nm). A highly stable
and efficient noble-metal-free photocatalytic hydrogen production system was developed
by using ternary heterojunctions compared to binary BP /WS, heterojunctions. A significant
increase in hydrogen production of about 4.2 and 5.4 times was obtained for BP/WS,-Ni
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and BP/WS,-Co heterojunctions, respectively. The doping of the abundant Co co-catalyst
on BP/WS; resulted in a solar-to-hydrogen (STH) efficiency of 31.2%, which can be ex-
plained by the enhanced light absorption capability, and thus improved enhanced charge
transfer and separation efficiencies. This is the first application of BP/WS; heterostructures
in photocatalytic HER, which can pave the way for 2D/2D heterojunction systems for
energy applications.

2. Results and Discussion
2.1. Materials Characterization

To prepare BP/WS,-TM (TM: Ni, Co) ternary heterojunction photocatalysts, a mul-
tistep method was used. This method involves (i) a synthesis procedure for BP/WS,
heterojunctions, with the combination of WS; and pristine BP with different loading ratios
(5,10, 15, 20, 25, and 30 wt.%) nanosheets, created physically with the help of ultrasonic
power, denoted as BP/WS;,-X (X presents BP contents); (ii) the impregnation of metal
precursors into as-prepared BP /WS, heterojunctions in solution; and (iii) the chemical
reduction of the impregnated metal ions in BP/WS; heterojunctions to generate Ni or Co
nanoparticles (NPs). After the best photocatalytic activity was obtained with BP/WS,-25
based on the hydrogen evolution reaction, the advanced characterization of this binary
heterojunction was carried out as follows. TEM and EDS elemental mapping analysis were
used to analyze the morphology and elemental distribution of all synthesized materials
(Figure 1). The TEM images of pristine BP and WS, are shown in Figure 1a,b, respectively.
From the TEM images, it can be seen that BP has a 2D layered structure (Figure 1a) with
an average lateral size of 400 nm, while the pristine WS, consists of a nanorod-like shape
with an average length of 15-20 nm (Figure 1b). There is no noticeable morphology change
observed on the BP and WS; after their combination to yield BP /WS, binary heterojunc-
tions, indicating that pristine BP nanosheets and WS, nanorods are uniformly assembled
through the preservation of their initial morphologies (Figure 1c). The TEM images of
metal-decorated nanocomposites are shown in Figure 1d,e (BP/WS;,-Ni) and Figure 1f
(BP/WS;,-Co). The BP nanosheets and the formed NPs are clearly visible in the related
TEM images, particularly in Figure le,f, where the formed Ni and Co NPs have an average
particle size of 3 £ 0.5 nm. In addition to the TEM images, the HAADF-STEM images
associated with the EDS elemental mapping images of BP/WS;-Ni (5 wt%) and BP/WS,-Co
(0.5 wt%) heterojunctions (Figure 1g,h and Figure Sla,b (in the Supplementary Materials))
revealed that the ternary composites contain P, W, S, Ni, or Co elements in their structures,
respectively. The EDS mapping images attributed to the P element of BP spread homoge-
neously, while the W and S elements originating from WS, are distributed in closed regions.
According to Figure 1g,h, Ni and Co metals are mostly distributed homogeneously over the
examined area. The elemental distributions of ternary BP/WS,-TM (TM: Ni, Co) nanocom-
posites for an enlarged area were also studied using HAADF-STEM EDS mapping analysis,
and the recorded images are depicted in Figure S1 (in the Supplementary Materials).

The crystal structure of the pristine materials and their heterojunctions was clarified
via X-ray diffraction analysis. Figure 2 represents the recorded XRD patterns of BP, WS,,
BP/WS,-25, BP/WS;-Ni (5 wt%), and BP/WS,-Co (0.5 wt%). The XRD pattern of pristine
BP (Figure 2a) shows sharp peaks at 20 = 17.06°, 26.76°, 34.35°, 34.54°, 40.31°, and 52.41°,
which are readily assigned to the (020), (021), (040), (111), (041), and (060) crystal planes
of the orthorhombic BP, respectively (JCPDS card no. 73-1358). There are no other peaks
implying the presence of phosphorus oxides or other impurities [40]. As shown in Figure 2b,
the as-prepared WS, depicts diffraction peaks at 20 = 13.89°, 27.92°, 34.16°, 36.94°, 40.31°,
47.22°,49.52°, 55.57°, and 57.12°, which are attributed to the (002), (004), (100), (101),
(003), (006), (105), (110), and (112) crystal planes of the well-known semiconducting 2H
phase of WS, (2H-WSy,), respectively (JCPDS Card No: 08-0237) [41,42]. In addition to
the 2H-WS, diffraction peaks, there is an obvious reflection peak observed at 26 = 13.89°
corresponding to the (002) reflection, thus pointing out that WS; nanostructures include
multilayers [43]. After careful examination, two peaks were observed at 26 = 23.20° and
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23.78°, which are different from the characteristic peaks of the 2H-WS, phase. Zhou
et al. reported that these two peaks were attributed to orthorhombic WO3.H,O (JCPDS
Card No:43-0679), which is mostly formed during hydrothermal reaction conditions [44].
After the incorporation of BP into WS, to form BP/WS,-25 binary heterojunctions, all the
characteristic peaks of both BP and WS, were well preserved in the XRD pattern of BP /WS,
heterojunctions (Figure 2c). Moreover, the peak at 26 = 34.92°, assigned to the (111) plane of
BP, appeared more intense, indicating a reduced number of BP layers after the exfoliation
process and their incorporation into WS, [45]. Moreover, the XRD patterns of BP/WS,-TM
nanocomposites are shown in Figure 2d,e. No diffraction peaks corresponding to phases of
Ni or Co, such as metals, metal oxides, or metal phosphides, were observed in the XRD
patterns of either BP/WS,-Co (0.5 wt%) or BP/WS,-Ni (5 wt%), indicating the absence
of these species. Moreover, the characteristic peak of WS, at 26 = 13.89° attributed to the
(002) plane disappeared after the incorporation of transition metal NPs with the chemical
reduction method. It has been reported that the presence of (002) reflection indicates the
interaction among the layers [46].

Figure 1. TEM images of (a) pristine BP, (b) pristine WS,, (c) BP/WS,-25, (d,e) BP/WS,-Ni (5 wt%),
(f) BP/WS,-Co (0.5 wt%), and STEM-EDS elemental mapping images of BP/WS,-Ni (5 wt%) (g) and
BP/WS,-Co (0.5 wt%) heterojunctions (h).
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Figure 2. XRD patterns of (a) BP, (b) WSy, (c) BP/WS;-25, (d) BP/WS,-Co (0.5 wt%), and (e) BP/WS,-
Ni (5 wt%) nanocomposites (¢ indicates the BP planes while * indicates the planes of WS;).

To understand the chemical composition and oxidation state of elements on the sur-
face, X-ray photoelectron spectroscopy (XPS) was performed for BP/WS,-25, BP/WS,-Ni
(5 wt%), and BP/WS,-Co (0.5 wt%) nanocomposites. The XPS survey spectrum of the BP/WS,-
25, BP/WS,-Ni (5 wt%), and BP/WS,-Co (0.5 wt%) nanocomposites (Figures Sla and S2a,b (in
the Supplementary Materials)) indicates that P 2p, W 4f, S 2p, and O 1s are located at their
standard binding energies. The XPS spectrum of the P 2p region for BP/WS;,-Ni (5 wt%),
shown in Figure 3a, is deconvoluted into four peaks. The peaks located at the binding ener-
gies of 129.2 and 130.1 eV correspond to P 2p3,, and P 2p; /, core levels, respectively. The
peak at 133.9 eV is ascribed to oxidized phosphorus (PxOy) due to the reaction conditions
used in the preparation process [30]. Moreover, the peak at 133.9 eV is indexed to the P-OH
or P-H>O which is present due to the reaction of BP and PxOy with water [45,47,48]. The
core level of W 4f is shown in Figure 3b. The presence of 1T and/or 2H phases of WS,
can be confirmed by XPS analysis [49]. In the W 4f region, the peaks located at 33.8 and
35.9 eV are assigned as W 4f;,, and W 4fs5/, of the 1T phase WS;, respectively. In contrast,
the relatively strong peaks located at 35.1 and 37.3 eV correspond to the W 4f;,, and W
4f5/» core levels of 2H-WS,, respectively [50]. Meanwhile, the peak at 40.7 eV is ascribed
to the W 5p3/, of W4t in the WS, phase [51,52]. In the high-resolution XPS spectrum for
the S 2p region, the two peaks observed at 162.6 and 163.9 eV are indexed to S 2p5,, and
S 2p3/, for WS, respectively (Figure 3c) [53]. Additionally, the two other higher binding
energy peaks located at 169.0 and 170.3 eV are attributed to SOx, which originates from
the oxidation of sulfide ions during the synthesis process [44,51]. Figure 3d shows the core
level spectrum of Ni 2p. In particular, the peaks at binding energies of 856.0 and 873.4 eV
can be attached to the Ni?* species, while the peaks at 858.5 and 875.4 eV are indexed to
the Ni®* species due to the excess oxygen from NiOOH [54], accompanied by its satellite
peaks at 861.9 and 879.2 eV [55,56]. In addition, the small peaks at 852.9 and 860.7 eV could
be assigned to metallic Ni’, indicating the presence of metallic Ni NPs. The presence of
Ni NPs was also confirmed by TEM analysis [57,58]. The high-resolution XPS spectrum of
BP/WS,-Co (0.5 wt%) was also examined (Figure S3, in the Supplementary Materials). In
the case of the Co 2p spectrum (Figure S4d in Figure 54 (in the Supplementary Materials)),
the peaks at 782.0 and 797.0 eV belong to Co?* 2p3,, and Co?* 2py /», respectively, while
the satellite peaks occur at 792.0 and 807.0 eV [59]. Additionally, the peaks at 787.0 and
802.1 eV demonstrate the appearance of cobalt hydroxide which can be attributed to the
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oxidized Co species in the environment [60]. There is no peak that reveals the presence of
metallic Co or Co nanoparticles (~779 eV) because of the low loading ratio of Co [61].

(b) W 4f

~
&0
~~—'

* + + Raw data
~ Based line
~ Fitted profile

P2p1,2

Intensity (a.u)

~
()
~

Intensity (a.u)

T T T T T T 1 T T T T T T
172 170 168 166 164 162 160 880 875 870 865 860 855 850

Binding Energy (eV) Binding Energy (eV)

Figure 3. High-resolution XPS spectra of BP/WS,-Ni (5 wt%) (a) P 2p, (b) W 4f, (c) S 2p, and (d) Ni
2p regions.

Steady-state photoluminescence (PL) analysis and lifetime analysis were accomplished
to evaluate the efficiency of charge kinetics, and the recorded spectra are shown in Figure 4.
Mainly, both lower steady-state PL intensity and longer lifetime of electron-hole pairs
indicate higher photo-generated charge separation efficiency. As shown in Figure 4a,
WS, has the highest emission curve, indicating the high recombination of photoexcited
electron-hole pairs [62]. With the incorporation of BP and the transition metal, the emission
intensity obviously decreased, as evidenced by the accelerated electron—hole separation.
This result also matches well with the photocatalytic efficiency [63]. Lifetime measurements
can be seen in Figure 4b. Pristine WS, has the highest lifetime (1.669 ns) compared to the
BP/WS,-25 (1.611 ns), BP/WS,-Ni (5%) (0.711 ns), and BP/WS,-Co (0.5%) (0.657 ns). These
results indicate that the inclusion of Ni and Co NPs effectively diminishes the electron—
hole lifetime which can be concluded from the enhanced charge transfer kinetics between
nanoparticles and BP /WS, nanocomposites [64].
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Figure 4. (a) Photoluminescence decay curves and (b) time resolved photoluminescence spectra of
BP, WS,, BP/WS;-25, BP/WS,-Ni (5 wt%), and BP/WS,-Co (0.5 wt%) samples.

2.2. The Photocatalytic Hydrogen Evolution Studies
The photocatalytic hydrogen evolution activities of WS;, BP, BP/WS;, and ternary
BP/WS;,-TM (Y: Ni and Co) nanocomposites were examined in the presence of TEOA
(0.33 M, 5%) as a sacrificial agent and EY as a photosensitizer under visible light irradiation
(A > 420 nm). In the control experiments, it was found that no appreciable H; evolution
was detected in the absence of reactants or light irradiation. The pristine BP and WS,
samples showed low hydrogen production rates of 0.04 mmol h~'g~! and 0.73 mmol
h~lg~1, respectively, under visible light illumination, which can be ascribed to the in-
trinsic fast recombination of the photoinduced charge carriers. As shown in Figure S5
(in the Supplementary Materials), the effect of changing the ratio of BP loading on the
photocatalytic hydrogen evolution activity of BP/WS, heterojunction was investigated
by using a BP/WS; catalyst with six different BP mass ratios (BP/WS,-5%, BP/WS;-10%,
BP/WS,-15%, BP/WS,-20%, BP /WS;-25%, and BP/WS,-30%) for 8 h. The loading with
25 wt% BP showed the best photocatalytic activity with 2.24 mmol h~'g~!, which is about
three times higher compared to pristine BP. The excessive loading ratio of more than
this negatively affected the HER activity of BP/WS,. After 8 h of solar irradiation, the
photocatalytic activity of optimized BP/WS, reached 13.32 mmol g~!. The enhanced
photocatalytic activity can be described by the large and intimate type-II heterojunction
formed in BP/WS,, which accelerates the photogenerated charge separation. WS; plays
a role as an effective co-catalyst to enhance photocatalytic performance by trapping the
photogenerated electrons from the excited BP [30]. The wavelength-dependent photocat-
alytic hydrogen production performance of BP/WS; binary heterojunctions was previously
studied by Zhu and co-workers. According to their results, the HER of BP/WS; enhanced
the photocatalytic HER activity under solar light (A > 420 nm) compared to NIR light (from
600 to 1200 nm), which was attributed to weak light absorption and a light-dependent
photoreaction at longer wavelengths. The photocatalytic activity of BP/WS, was 0.83 mmol
h_lg_l, 0.51 mmol h_lg_l, and 3.2 mmol h_lg_1 under >780 nm, 808 nm, and solar light
irradiation, respectively. Our results surpassed this pioneering study by developing highly
stable ternary heterojunctions doped with first-row transition metals (BP/WS,-TM (TM:
Ni, Co)) for photocatalytic HER under visible light irradiation due to the improvement in
the light absorption ability, charge carrier separation, and active sites [30].

To investigate the effect of transition metal nanoparticles on the photocatalytic activity
of BP/WS; heterojunctions, the optimized BP/WS;-25% was decorated with the earth
abundant Ni and Co metals for highly-efficient HER. First, the photocatalytic studies of the
ternary photocatalsts with five experimental Ni ratios (ranging from 1-8 wt%) based on the
ICP-MS analysis were carried out under solar light. The 5 wt% Ni produced the highest
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hydrogen production of 9.53 mmol h~!g~! among all tested ratios (Figure 5a). After 8 h of
the photocatalytic HER, the total hydrogen production for BP/WS,-Ni reached 39.81 mmol
h~!g~1. The inclusion of the Co co-catalyst into BP/WS, resulted in a hydrogen production
of 12.13 mmol h~'g~!, and reached 43.91 mmol g~ ! after 8 h, which is the highest rate
of comparable photocatalytic reactions with a 5.4 times greater amount of hydrogen than
that of BP/WS, (Figure 5b). Figure 5c also compares the time-dependent photocatalytic
hydrogen activities of the optimum rates for BP/WS,, BP/WS,-Ni and BP/WS,-Co cat-
alysts. BP/WS,-TM (Y: Ni, Co) displayed improved photocatalytic H, evolution activity
and stability compared to pristine BP and BP/WS,. Consequently, Ni and Co were found
to have a significant effect on the photocatalytic activity of BP/WS,. The outstanding
photocatalytic performance of BP/WS,-Ni and BP/WS,-Co ternary heterojunction photo-
catalysts is assigned to broader light absorption, effective charge separation, and increased
active sites [65]. Moreover, the STH efficiencies of the catalysts were calculated using
Equation (1), as shown in Section 3.3. The STH efficiencies were found to be 31.2%, 24.5%,
5.7%, 1.8%, and 0.1% for BP/WS,-Co, BP/WS,-Ni, BP/WS,, BP, and WS, respectively,
which is comparable to the photocatalytic hydrogen evolution activities. The photocatalytic
HER rate of BP/WS,-TM (TM: Ni, Co) was evaluated by comparing it with the relevant
materials in the literature, as outlined in Table S1 (in the Supplementary Materials). It
was observed that comparable results were obtained, consistent with those reported in
the literature. Moreover, the stability of the optimized catalysts was investigated by re-
peating the photocatalytic tests over BP/WS,-TM (Y: Ni and Co) three times under the
same experimental conditions. After the third consecutive photocatalytic HER run, it
was observed that the photocatalytic hydrogen activities of BP/WS,-Ni and BP/WS;-Co
nanohybrids were maintained at 92.04% and 95.4%, respectively, as shown in Figure 56 (in
the Supplementary Materials). The difference in the photostability of BP/WS,, BP/WS,-Ni
or BP/WS,-Co heterojunctions could be attributed to the degradation of EY. The UV-vis
absorption analysis of BP/WS, heterojunctions sensitized with EY was compared after
8 h of excitation, as seen in Figure S7 (in the Supplementary Materials). The characteristic
peak of EY shifted from 520 nm to about 490 nm, with decreasing peak intensity after the
photocatalytic hydrogen production reaction. The decrease in peak intensity indicates dye
degradation [66], which is due to the elimination of bromines from EY structures, resulting
in fluorescein-based structures [67,68]. The UV—vis absorption results are consistent with
the photocatalytic hydrogen evolution activities of the catalysts, as well as their stabilities.
Similarly, the absorption spectral results of BP/WS;-Ni and BP/WS,-Co catalysts were
found to be compatible with the photocatalytic hydrogen production amounts determined
for these catalysts (Figures S8 and S9 (in the Supplementary Materials)).

Based on the above results, a possible charge migration mechanism for the solar-
driven photocatalytic HER of ternary catalysts (BP/WS,-TM; Y: Ni, Co) was proposed
considering the band gap and the position of the electronic energy levels of the catalysts [69],
as shown in Figure 6. A step-scheme (S-scheme) was proposed for the charge transfer at the
interface between BP and WS, under visible light irradiation, which resulted in an effective
charge separation and promoted the improvement in photocatalytic performance. The
pristine BP shows a low photocatalytic hydrogen production activity due to the intrinsic
fast recombination of photogenerated charge carriers. Upon the absorption of visible light,
the excitation of EY occurs in three main sequential steps. First, EY is excited to the singlet
state EY1*. Then, inter system crossing (ISC) leads to a more stable triplet state of 3EY*.
Finally, the reaction of EY3* with the TEOA sacrificial agent result in EY . After the loss of
the electron, the conversion of EY™" to the ground state EY occurs [70,71]. Subsequently,
the excited electrons in the EY intermediate forms are transferred to the conduction band
(CB) of BP because they have a higher potential than that of BP or WS,. According to the
S-scheme heterojunction, the electron transfers have resulted in an S-scheme based on the
energy band levels calculated in our previous studies [72,73]. Here, the photogenerated
electrons on the CB of WS; are directly transferred to VB of BP because the position of CB
of WS; is slightly higher than that of VB of BP. They are close enough for direct electron
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transfer, resulting in the effective separation of the photogenerated charge carriers [17].
The synergism formed at the heterointerface of BP and Ni/CoSy in the BP/WS;_(NiSy
ternary heterojunction could facilitate the transfer of the photogenerated electrons via the
sulfur bridges, resulting in a decreased recombination of e~ and h* [72,73]. In this regard,
BP plays a role as an electron sink that enhances the photocatalytic activity by decreasing
the recombination of the photogenerated electron-hole pair due to the S-scheme electron
transfer mechanism [74]. Hydrogen evolution can easily take place due to the CB levels of
BP, which are more negative than the reduction potential of H* /H, (0 V vs. NHE) [75]. At
the same time, the TEOA sacrificial agent provides electrons for holes on the VB of WS,
for the regeneration of the photocatalytic reaction, effectively inhibiting the recombination
process of electron-hole pairs. WS, plays the role of an electron pathway through the
S5-W-S atomic planes, which enhances the electron transfer between the semiconductor
photocatalysts [76].
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Figure 5. Comparison of photocatalytic hydrogen evolution activities of BP /WS, nanocomposites at
various Ni (a) and Co (b) amounts with the BP and BP/WS, nanocomposite form (c) in the presence
of TEOA (0.33 M, 5%) sacrificial agent by using EY (3.25 x 10~* M) under visible light irradiation
(A > 420 nm).
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Figure 6. The mechanisms of solar-driven photocatalytic HER proposed for BP/WS,-TM; (Y: Ni or Co)
nanocomposites in the presence of EY and TEOA as the sensitizer and sacrificial agent, respectively.

3. Experimental Section
3.1. Materials and Chemicals

Tungsten (VI) chloride (WClg, >99.9%) was purchased from Sigma-Aldrich, Darmstadt,
Germany. Red phosphorus (98.9%), nickel (II) acetate tetrahydrate (Ni(CH3COO),-4H,0O,
98+%), cobalt (II) acetate tetrahydrate (Co(OOCCH3),-4H,0, 98%), and copper acetate
(Cu(ac);) were purchased from Alfa Aesar, Kandel, Germany. N, N-dimethylformamide
(DMF) and ethanol (absolute) were purchased from Merck, Darmstadt, Germany. Thioac-
etamide (CoH5NS, 99%) was purchased from J&K-Scientific, San Jose, CA, USA. All chemi-
cals were used as received.

3.2. The Material Synthesis
3.2.1. The Synthesis of Crystalline BP and Few-Layer BP

Black phosphorous crystals were synthesized by utilizing the well-established low-
pressure chemical transport method, which is described in one of our publications [73].
The details of synthesis can be found in the Supplementary Materials as well.

3.2.2. The Synthesis of WS,

Pristine WS, were prepared by using a simple hydrothermal method [77]. In a typical
synthesis recipe, after dissolving a determined quantity of tungsten (VI) chloride and
sodium thioacetamide (WClg:C;H5NS = 1:2) in 30 mL of distilled water, the resulting
homogeneous solution was transferred to a Teflon-lined stainless-steel autoclave for hy-
drothermal treatment. The autoclave was then placed into a furnace and heated at 180 °C
for 16 h. After cooling down to room temperature, the obtained mixture was separated by
using centrifugation at 9000 rpm for 10 min and cleansed with ethanol and dried in vacuo.
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3.2.3. The Fabrication of BP/WS, Binary Nanocomposites

BP /WS, binary nanocomposites were prepared via a simple liquid-phase self-assembly
method [45]. In the typical synthesis procedure, as-prepared pristine WS, powder (20 mg)
was dispersed in a DMF solution (40 mL) using an ultrasonic bath. A specific amount of
BP/DMF stock solution prepared in advance was added dropwise into the WS, /DMF
dispersion and kept under ultrasonication for about 3—4 h. The yielded mixture was
centrifuged, separated from its residuals, and dried under vacuum.

3.2.4. The Fabrication of BP/WS,-TM (TM: Ni, Co) Ternary Nanocomposites

The synthesis of transition metal-doped BP/WS; nanocomposites (BP /WS,-TM) was
performed using a two-step procedure comprising the liquid-phase impregnation of metal
precursors into the BP/WS; followed by a chemical reduction of metal ions by NaBHj.
The information related to the preparation method was described for the synthesis of m-
gCN/BP-TM heterojunctions in one of our publications [73] and the details can be acquired
in the SI. The optimized and characterized ternary nanocomposites were determined as
BP/WS,-Ni (5 wt%), and BP/WS,-Co (0.5 wt%), where (X wt%) defines the theoretical
values of the loaded transition metals on the binary nanocomposites.

3.3. The Photocatalytic Hydrogen Evolution Reaction (HER)

The photocatalytic hydrogen evolution performances of the prepared materials were
investigated in the presence of EY using TEOA as a sacrificial agent under visible light
irradiation for 8 h. TEOA (0.33 M, 5%) and EY solutions (3.25 x 10~% M) were prepared in
aqueous medium and placed in the glove box. The deoxygenated TEOA (20 mL) and EY
(1.3 mL) were added to the catalysts in the quartz reaction flask (about 135 mL volume).
The mixture was then returned to room conditions by sealing it with a rubber septum and
it was homogenized under ultrasonic treatment. The photocatalytic activities were studied
by placing the reactor in front of the Solar Light-XPS 300™, Philadelphia, PA, United States,
(with cut-off filter A > 420 nm) under continuous stirring. The produced hydrogen gas was
detected using Shimadzu GC-2010 Plus gas chromatography with a thermal conductivity
detector (TCD) and using argon as a carrier gas, which was realized hourly with a syringe
from the headspace of the flask. The photocatalytic-HER performance of the catalysts was
demonstrated by calculating the STH efficiencies as shown in Equation (1). The equation is

defined as
Ry, AG®

STH (%) = [ 2

} 100 1)
where Ry, is the amount of hydrogen (mmol hydrogen/s), AG’ is the Gibbs free energy
for the production of one mole of hydrogen (J/mol), P is the intensity of the sunlight
(mW/cm?), and A is the irradiation area (cm?), respectively [78].

4. Conclusions

In summary, we have successfully prepared 2D /2D BP/WS, binary heterojunctions
and intensively investigated their photocatalytic activity in HER for the first time with
and without transition-metal incorporation under visible light irradiation (>420 nm). It
is well known that the intrinsic fast recombination of photoinduced charge carriers of the
pristine BP resulted in a weak photocatalytic activity in the HER. The characterization of
the optimal binary and ternary forms of BP/WS,-based heterojunctions revealed that an
S-scheme heterojunction was formed between BP and WS,. Here, compared to pristine BP,
an approximately three times higher hydrogen quantity was obtained with the BP /WS,
heterojunction catalyst, with a STH efficiency of 5.7%, which was attributed to the large
contact areas providing many channels for photogenerated charge transfer. In addition,
the incorporation of earth-abundant transition metal (Ni or Co) NPs further enhanced
the photocatalytic HER activity of BP/WS, binary nanocomposites. The loading of an
earth-abundant Co as a co-catalyst in BP/WS; binary heterojunction resulted in an STH
efficiency of 31.2%, which can be attributed to the achievement of more photon absorption,
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more active sites, and a longer charge carrier lifetime through decreasing the recombination
rate. Considering the 8h photocatalytic activities of BP/WS,-TM (TM: Ni or Co) ternary het-
erojunction catalysts, we observed 3.2 times and 2.9 times more hydrogen with BP/WS,-Ni
and BP/WS,-Co, respectively, compared to BP/WS;,. This noble-metal-free catalyst system
demonstrated highly stable and efficient photocatalytic hydrogen production through the
deposition of transition metal NPs (especially Co NPs) on the BP/WS, heterojunction.
The current study points out that BP/WS, binary heterojunctions possess more specific
active sites and hence higher photocatalytic efficiency than pristine BP nanosheets in HER
under visible light irradiation. Moreover, this study clearly demonstrated that the photocat-
alytic hydrogen evolution activity of the BP/WS, heterojunction can be further improved
through the loading of non-precious transition metals. We anticipate that this study will
open ways for the development of highly efficient, cost effective, and solar-driven hydrogen
production techniques and other potential energy applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13061006/s1 Instrumentation, The Materials Preparation;
Figure S1. STEM images of (a) BP/WS,-Ni (5%) and (b) BP/WS,-Co (0.5%); Figure S2. High
resolution XPS spectra of BP/WS,-25 binary nanocomposites: (a) survey, (b) P 2p, (c) W 4f, and (d)
S 2p; Figure S3. Survey spectra of (a) BP/WS,-Ni (5%), and (b) BP/WS,-Co (0.5%) nanocomposites;
Figure S4. High resolution XPS spectra of BP/WS;,-Co (0.5%) nanocomposites: (a) P 2p, (b) W 4f, (c)
S 2p, and (d) Co 2p; Figure S5. The BP loading effect on BP/WS; heterojunction by using different BP
mass ratios in the presence of TEOA (0.33 M, 5%) and EY (3.25 x 10~* M) as a sacrificial agent and
sensitizer, respectively, under visible illumination (>420 nm) for 8 h; Figure S6. Stability study of
hydrogen evolution over BP/WS,-Ni and BP/WS;-Co heterojunctions under visible light irradiation;
Figure S7. UV-vis spectra of BP, WS,, and BP/WS, nanocomposites with different BP mass ratios
in the presence of EY before and after photocatalytic reactions; Figure S8. UV-vis spectra of BP,
WS,, and BP /WS, nanocomposites with different Ni mass ratios (from 1% to 8%) in the presence
of EY before and after photocatalytic reactions; Figure S9. UV-vis spectra of BP, WS,, and BP /WS,
nanocomposites with different Co mass ratios (0.5%, 1%, and 2%) in the presence of EY before and
after photocatalytic reactions; Table S1. The comparison of BP/WS,-TM; (TM: Ni, Co) heterojunction
photocatalysts with similar materials that were tested in the photocatalytic HER in the literature.
References [18,24,38,39,79-85] are cited in the Supplementary Materials.
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