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A B S T R A C T

The search for suitable photocatalysts with broadband absorption in visible and near-infrared (NIR) region is
recognized as one of the most challenging issues on solar energy utilization. Black phosphorous (BP) is de-
monstrated as an effective visible and NIR activated material in solar energy conversion. However, traditional
liquid exfoliation yield is low and the rigid structure and insoluble properties of pristine BP hinder its high-yield
of hybridization. Herein, a new and stable noble-metal-free ternary photocatalyst molybdenum disulfide (MoS2)-
BP/graphene oxide (GO) was constructed for splitting water to H2, showing dual functions of GO in synthetic and
photocatalytic processes. Under visible-NIR light irradiation, the H2 evolution rates of MoS2-BP/GO was en-
hanced to 3.47 μmol h−1. Rapid electron injection efficiency from excited BP to GO and to MoS2 was confirmed
by femtosecond transient absorption spectroscopy. This study provides new insight into the design of nano-
materials, and offers a noble-metal-free protocol with photocatalytic H2 production.

1. Introduction

In regard to the high efficiency of light–chemical energy conversion,
the search for suitable photocatalysts with full spectrum solar light
absorption from UV to near-infrared (NIR) region is one of the most
challenging missions. Two dimensional (2D) materials, owing to their
unique properties and widespread applications, received a great deal of
interest on both fundamental researches and practical applications
[1–4]. Beside star material of graphene, more and more atomic thick-
ness 2D and quasi-2D materials were developed in the past decade
[2–4]. As a member in group V of the periodic table, phosphorus (P)
accounts for approximately 0.1% of the earth’s crust and the black
phosphorus (BP) is the most thermodynamically stable at room tem-
perature and nontoxic among P allotropes [5]. Similar to graphite, BP
has a layered structure to consist of a single element of P (Scheme 1a)
and it can be liquid to be exfoliated into single-/few-layers structures.
Very recently, BP nanosheets grab a great attention since the successful
first report of atomic layer thick BP on field-effect transistor in 2014
[6–10]. Different from graphene, BP has a bandgap in the ranges from
0.3 eV (in bulk form) to 2.1 eV (in monolayer form), indicating that BP

can act as an effective photo-activated material in optical device and
solar energy conversion under visible and near-infrared (NIR) irradia-
tion [11–28]. For example, we successfully used 2D BP nanosheets as
effective visible and NIR-driven photocatalysts for the application of
water splitting to H2 [19–24].

In general, BP nanosheets were prepared by liquid exfoliation in
organic solvent such as N-methyl-2-pyrrolidone (NMP) [29]. However,
it needs long sonication time and the exfoliation yield is low. Moreover,
to obtain high quantum efficiency on photocatalytic H2 production, a
co-catalyst is needed to hybrid with BP owing to the fast recombination
of photogenerated electron-hole pairs in pure BP. The rigid structure
and insoluble properties of pristine BP hinder its high-yield of hy-
bridization. To address this tough challenge, discovering a new protocol
of exfoliated BP nanosheets is necessary.

Recently, high-quality nanosheets of 2D materials including gra-
phene, molybdenum disulfide (MoS2), cobalt hydroxide [Co(OH)2], etc.
were achieved by using liquid exfoliation with the assistance of gra-
phene oxide (GO) [30–32]. GO, a 2D structure whose basal plane and
edge are decorated with abundant oxygen containing functional groups
(carboxyl, hydroxyl, epoxide, etc., Scheme 1b), has been verified to be a
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2D surfactant [33,34]. The presence of GO prevents the restacking of
nanosheet structures during exfoliation from precursors [32]. More-
over, owing to its locally conjugated aromatic system and basal plane
and edge with decorated diverse oxygen containing functional groups,
GO is verified to be an excellent catalyst carrier and promoter [34]. In
view of the foregoing, as shown in Scheme 2, we used GO to assist the
exfoliation of bulk BP. Afterwards, noble-metal-alternative co-catalyst
of MoS2 was introduced to prepare the ternary composite of MoS2-BP/
GO for the application of water reduction to H2. Compare to BP/GO and
MoS2-BP, 13.3 and 2.27 folds were obtained in the ternary composite of
MoS2-BP/GO for photocatalytic H2 production under visible and NIR
light irradiation, respectively. Herein, GO shows dual functions in both
synthetic and photocatalytic processes. Firstly, GO acts as a surfactant
to assist the exfoliation of bulk BP. Because of the abundant functional
groups of GO, (i) the as-prepared BP/GO has well-dispersibility in NMP
solvent for a long time (Fig. S1); (ii) the GO acted as a coupling reagent,
i.e., the additive co-catalyst of MoS2 can be well decorated on the
surface of BP/GO. These two advantages are both in favor of the pho-
tocatalytic reaction. Secondly, owing to its locally conjugated aromatic
system and nice electron shuttle ability, the GO promotes an efficient
charge separation/transfer during photocatalytic reaction, resulting in
the enhanced photocatalytic performance.

2. Experimental section

2.1. Materials

Bulk BP (XF161), single layer of GO (XF002-1), and bulk MoS2
crystals (XF184-1) were purchased from Nanjing XFNANO Materials
Tech Co., Ltd. N-methyl-2-pyrrolidone (NMP), methanol, and all other
chemical materials were purchased from Sigma-Aldrich, and used
without further purification.

2.2. Preparation of BP/GO

BP/GO was obtained through a NMP solvent exfoliation method in
the presence of GO. The bulk BP crystals (XF161, purity> 99.998%)

and single layer of GO (XF002-1, purity˜99%) were purchased from
Nanjing XFNANO Materials Tech. Firstly, 10 mg single layer GO was
dispersed into 100mL NMP solvent with sonication for 2 h, resulting
GO/NMP dispersion (0.1 mgmL−1). Secondly, 20mg bulk BP was
added into above 20mL GO/NMP. The dispersion was then sonicated
for 3 h with a tip sonicator (Misonix XL-2000) at 10W output power
and ice cooling. After exfoliation, the dispersion was centrifuged at
4000 rpm for 20min with two times to remove bulk BP, resulting in BP/
GO NMP dispersion (0.4 mgmL-1). Pure 2D BP nanosheets were ob-
tained by similar method in the absence of GO.

2.3. Preparation of MoS2-BP/GO

MoS2-BP/GO was prepared as follows: 20mL as-prepared MoS2
NMP dispersion was added into 50mL BP/GO NMP dispersion with
sonication for 2 h. The mixtures were kept stirring overnight. Finally,
the samples were obtained through high-speed centrifugation and wa-
shed with ethanol thoroughly, and then re-dispersed in 5.5 mL me-
thanol, resulting in MoS2-BP/GO (0.4 mgmL−1). The weight ratio of
MoS2 to BP/GO was 1:10. Before reaction, the MoS2-BP/GO dispersion
was collected by high-speed centrifugation and re-dispersed in aqueous
solution.

2.4. Photocatalytic H2 production

1mL MoS2-BP/GO aqueous dispersion (0.4 mgmL−1) and 1mL
methanol mixed with 3mL water were added into a 35mL cylinder
reactor and sealed with a rubber septum. The sample was deaerated by
Ar bubbling into the solution for 30min before the reaction. The so-
lution was stirred continuously and irradiated by a Xenon lamp (Asahi
Spectra, HAL-320W, output wavelength of 350˜1800 nm) with a 420-
nm long pass filter at room temperature. The gases produced were
analyzed with a gas chromatograph (Shimadzu GC-8A) equipped with
an MS-5A column and a thermal conductivity detector (TCD).

2.5. Transient absorption measurements

The transient absorption spectra were measured by the pump and
probe method using a regeneratively amplified titanium sapphire laser
(Spectra-Physics, Spitfire Pro F, 1 kHz) pumped by a Nd:YLF laser
(Spectra-Physics, Empower 15). The seed pulse was generated by a ti-
tanium sapphire laser (Spectra-Physics, Mai Tai VFSJW; fwhm 80 fs).
The second harmonic generation of the fundamental light (400 nm, 3 μJ
pulse−1) was used as the excitation pulse. A white light continuum
pulse, which was generated by focusing the residual of the fundamental
light on a sapphire crystal after the computer controlled optical delay,
was divided into two parts and used as the probe and the reference
lights, of which the latter was used to compensate the laser fluctuation.
The samples were sealed in a cuvette with rotating that the absorptions
of the NMP dispersion at 400 nm were adjusted to ∼1.0 OD by using
2mm path length of quartz cuvette. The pump pulse was chopped by

Scheme 1. Schematic structures of single layer BP (a) and GO sheet (b).

Scheme 2. Scheme of synthetic process of MoS2-BP/GO for H2 evolution.
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the mechanical chopper synchronized to one-half of the laser repetition
rate, resulting in a pair of spectra with and without the pump, from
which the absorption change induced by the pump pulse was estimated.
All measurements were carried out at room temperature.

3. Results and discussion

As shown in Scheme 2, BP nanosheets were easily obtained by using
liquid-phase exfoliation of bulk BP with assistance of GO. Fig. 1a clearly
shows the as-prepared of BP/GO nanosheets in which the 2D BP na-
nosheets were well assembled on the surface of GO nanosheets after
exfoliation for 3 h. The size of the as-prepared BP nanosheets on the
surface of GO nanosheets is approximately 300 nm to 1.0 μm. The dif-
ferent components of BP and GO were further confirmed by HAADF-
STEM and energy-dispersive X-ray spectroscopy (EDS) elemental map-
pings and spectrum (Figs. 2 and S2). In the STEM image, some pieces of
bright nanosheets were easily observed on the silk-like structures. On

the other hand, in the images of EDS elemental mappings, the elemental
phosphorus extracted from the spectrum image confirms that the
phosphorus signal is strongly correlated with the bright nanosheets
locations. Besides, all elements of C, O, and P are detected in the as-
prepared samples in the spectrum of EDS. The crystallinity of the as-
prepared BP was further investigated by high-resolution TEM (HRTEM)
(Fig. S3), in which clear lattice fringes with d-spacing of 0.22 nm were
detected to be matched with (002) planes of BP nanosheets [11,21].

In the photocatalytic H2 evolution, a noble metal such as platinum
(Pt) is generally used as extra co-catalyst for improving the efficiency of
H2 production. However, the high-cost of Pt forces us to explore various
noble-metal-alternative co-catalysts [23,35]. Currently, 2D-layered
transition metal disulfides (TMDs) such as MoS2 nanosheets have been
regarded as promising noble-metal-free co-catalyst for H2 production
owing to its intrinsic electronic property [35]. Hence, 2D MoS2 na-
nosheets were introduced to improve the efficiency of photocatalytic H2

production for BP/GO. MoS2 nanosheets were obtained by liquid

Fig. 1. TEM images of as-prepared BP/GO (a) and MoS2-BP/GO (b).

Fig. 2. TEM (a) and HAADF-STEM (b) images of BP/GO and corresponding EDS elemental mapping of C (c), O (d), and P (e) elements. The scale bars are 500 nm in
the images.
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exfoliation in the NMP solvent, and the size is in the range of 50 ˜
200 nm as observed in the TEM image (Fig. S4). After hybridization
with BP/GO, small MoS2 nanosheets were well dispersed on the surface
of BP/GO as shown in Fig. 1b. To confirm the components of MoS2-BP/
GO, HAADF-STEM image, EDS elemental mappings and spectrum to-
gether with HRTEM image were measured. Fig. 3 clearly shows that all
elements of C, P, Mo, and S were distinctly observed in MoS2-BP/GO.
Moreover, these elements were also detected in the EDS spectrum as
shown in Fig. S5. To show the crystallinity of each component in MoS2-
BP/GO, HRTEM image of the as-prepared samples were analyzed. Fig.
S6 shows lattice fringes with d-spacing of 0.22 and 0.62 nm, which are
assigned to (002) plane of BP and MoS2 [36], respectively. The above
results solidly demonstrate the sheets on the BP/GO surface are MoS2
nanosheets.

The chemical components of MoS2-BP/GO were analyzed by X-ray
photoelectron spectroscopy (XPS) as shown in Fig. S7. In the beginning,
three characteristic peaks at 129.7, 130.6, and 133.4 eV were observed
to be assigned to P 2p3/2, P 2p1/2, and oxidized phosphorus (PxOy),
respectively [22]. Moreover, C 1s peak was deconvoluted into four
bands located at 284.6, 286.6, 287.5, and 288.2 eV to be assigned to sp2

carbon (C]CeC bonds), carbons (CeO, C]O, and Oe C]O bonds),
respectively, which are consistent with other reported results of GO
[37]. Thirdly, two characteristic peaks are detected at 229.4 and 232.6,
and 162.2 and 163.4 eV to be assigned to Mo 3d5/2 and Mo 3d3/2, and S
2p3/2 and S 2p1/2, respectively, [36] indicating the successful hy-
bridization of MoS2 and BP/GO.

UV–vis-NIR spectrum of the as-prepared MoS2-BP/GO was mea-
sured as shown in Fig. 4. Firstly, BP/GO displays a broad absorption
from UV to NIR region to be consistent with our previous report
[21,22]. For pure MoS2 nanosheets, the main absorption is observed in
the visible region. After MoS2 nanosheets are hybridized with BP/GO,
the spectral shape of MoS2-BP/GO is close to the overlap of MoS2 and
BP/GO, suggesting that MoS2-BP/GO has potential photocatalytic
ability under visible-NIR light irradiation.

Next, photocatalytic water reduction to H2 is carried out to evaluate

the photocatalytic ability of MoS2-BP/GO because H2 is forecast to be
the most promising source of energy. To obtain the light wavelength in
the visible-NIR region, a 420-nm long-pass filter was put between the
reactor and the Xenon lamp (output wavelength: 350˜1800 nm). As
shown in Fig. 5a, pure BP and MoS2 nanosheets did not show sub-
stantial H2 production after visible-NIR light irradiation for 3 h, while
trace H2 (0.78 μmol) was detected with BP/GO under the same condi-
tions. The fast recombination of photoinduced charge carriers in pure
BP and MoS2 result in no activities in BP and MoS2, while the photo-
generated electrons came from excited BP can be transferred to GO,
contributing the detected H2 in BP/GO. We also investigated the pho-
tocatalytic activity on MoS2-BP (the corresponding TEM and EDS ele-
mental mapping image is shown in Fig. S8). After introduction of MoS2
as the co-catalyst, 4.58 μmol H2 was detected after visible-NIR light
irradiation for 3 h, indicating that MoS2 nanosheets act as the efficient
cocatalyst for H2 production. When MoS2-BP/GO was used as the

Fig. 3. TEM (a) and HAADF-STEM images (b) of MoS2-BP/GO and corresponding EDS elemental mapping of C (c), P (d), Mo (e), and S (f) elements. The scale bars are
500 nm in the images.

Fig. 4. UV–vis absorption spectra of as-prepared BP/GO, MoS2, and MoS2-BP/
GO.
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photocatalyst, substantial H2 (10.4 μmol) was detected under visible-
NIR light irradiation for 3 h. Compared to BP/GO and MoS2-BP, 13.3
and 2.27-folds enhancement in photocatalytic activity were achieved in
MoS2-BP/GO. The optimum apparent quantum efficiency (AQE) of
MoS2-BP/GO is approximately 10.1% at 420 ± 5 nm. Moreover, the
control experiments of different sacrificial reagents and Pt-BP/RGO
were investigated, which were shown in Fig. S9. The results show that
the sample of MoS2-BP/GO displayed simlar photocatalytic H2 pro-
duction activiy with different sacrificial reagents and Pt-BP/RGO as
comparison photocatalyst.

Cyclic photocatalytic H2 evolution experiments were carried out to
investigate the durability of MoS2-BP/GO. After the first run, the re-
action mixture was bubbled with Ar and then used for subsequent runs.
Fig. 5b shows continuous H2 production with slight decrease in the
subsequent four runs. This slight decrease is because: (i) the loss of
catalysts during collected process for next cycle run; (ii) the degrada-
tion of BP during long time light irradiation in the aquesous solution;
(iii) the decrease of the concentration of sacrificial electron donor after
long time photoreaction. Moreover, TEM image and XPS spectra of
MoS2-BP/GO after photocatalytic reaction display no obvious change
(Figs. S10 and S11), suggesting that MoS2-/BP/GO keeps stable during
photocatalytic H2 production.

These results clearly show that the as-prepared ternary composite of
MoS2-BP/GO has the highest photocatalytic activity. Generally, an ef-
fective charge separation in the composite contributes to the en-
hancement of photocatalytic performance. Accordingly, photocurrent
responses were firstly studied to clarify the interfacial charge transport
in MoS2-BP/GO. As shown in Fig. 6, when BP, BP/GO, MoS2-BP, and
MoS2-BP/GO modified electrodes acted as the working electrodes,

response photocurrents with repeatable light on/off cycles were ob-
served. The average photocurrent for MoS2-BP/GO is approximately
0.080 μA, which is 2.4, 2.6, and 5.3 times larger than those of pure
MoS2-BP (0.033 μA), BP/GO (0.031 μA), and BP (0.015 μA), respec-
tively, suggesting that the as-prepared MoS2-BP/GO displays effective
visible-NIR photo-response activities and MoS2-BP/GO has the highest
charge separation efficiency compared to pure BP, BP/GO, and MoS2-
BP.

Although the above photoelectrochemical properties indicate effi-
cient charge separation in MoS2-BP/GO, the dynamic of electron
transfer is direct proof for the photocatalytic process. Transient ab-
sorption spectroscopy (TAS) is a powerful tool to analyze the dynamic
of photoexcited state [38–40]. Accordingly, the TAS experiments of BP,
BP/GO, and MoS2-BP/GO were performed under 400-nm laser excita-
tion. As shown in Fig. 7a, a broad transient absorption peak at 620 nm
appeared for pure BP in the visible wavelength region (480˜720 nm),
indicating that BP can be excited to give electron-hole pairs under light
irradiation. For BP/GO and MoS2-BP/GO, the broad transient absorp-
tion spectra were observed as shown in Figs. 7b and 7c. In the wave-
length region of 660˜720 nm, a weak tail absorption was appeared in
both BP/GO and MoS2-BP/GO, with comparison to that for pure BP,
due to the interaction of BP with GO, and BP with MoS2. The con-
centration of charges (transient absorption intensity at 620 nm) for all
samples decreased via the charge recombination in a multi-exponential
fashion at a time period of 0–700 ps. Moreover, at 300 ps after the ex-
citation, the concentration of charges for pure BP decreased to 32.5% of
the initial value while BP/GO and MoS2-BP/GO decreased to 15.5% and
8.8%, respectively. The faster decrease of the concentration of charges
in BP/GO and MoS2-BP/GO indicates that electron decay process is
accelerated in BP/GO and MoS2-BP/GO compared with that in pure BP.

To evaluate the detail electron decay kinetics, the time profiles of
transient absorption were fitted using two-exponential functions ac-
cording to ΔA= ΔA0 + ∑ −A ei i

( τ/τ )i in which A and τi refer to the
amplitudes and lifetimes of ith components, respectively. The para-
meters are shown in Fig. 7d and summarized in Table 1. From Table 1,
it can be seen that two components with a short and a long lifetimes are
observed in all samples. Generally, the shorter lifetime (τ1) is assigned
to the recombination of surface-related charge and the longer lifetime is
attributed to the recombination of free excitons in semiconductors [41].
Firstly, compared with that in pure BP (τ1= 29.0 ps, 16.3%), in BP/GO
(τ1= 11.1 ps, 23.2%) and MoS2-BP/GO (τ1= 9.94 ps, 28.3%), τ1 de-
creases gradually and the ratio of τ1 increases gradually, suggesting that
an effective electron transfer process occurs from BP to GO in BP/GO
and MoS2-BP/GO.

Secondly, the average lifetime (τav), calculated from
= ∑ ∑=

=
=
=τ A τ / A τav i 1

i n
i i

2
i 1
i n

i
i, is used to evaluate the charge carriers se-

paration efficiency in semiconductor photocatalyst systems [42]. As

Fig. 5. Photocatalytic H2 production with different catalysts under visible-NIR
light irradiation for 3 h (a). Four cycles of photocatalytic H2 production by
using MoS2-BP/GO (b).

Fig. 6. Photocurrent responses of BP, BP/GO, MoS2-BP, and MoS2-BP/GO with
on/off of the visible-NIR light irradiation.
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shown in Table 1, τav of pure BP, BP/GO, and MoS2-BP/GO are 135,
82.1, and 69.8 ps, respectively. Such decreases of τav observed with BP/
GO and MoS2-BP/GO are understood as arising from the opening of an
additional channel of interfacial electron transfer from excited BP to
GO, and BP to MoS2 [42]. Similar results have been reported in other
composites [43,44]. For example, Furube et al. found that τ of TiO2

decreases after decorated with Pt nanoparticles, illustrating electrons
migration from photoexcited TiO2 to decorated Pt nanoparticles [44].
Furthermore, based on the formula of electron transfer rate (kET) and of
electron injection efficiency (ηinj) [42,45], the kET and ηinj of BP/GO and
MoS2-BP/GO are estimated to be 4.77× 109 s−1 and 39.2%, and
6.92×109 s−1 and 48.3%, respectively, indicating a fast electron
transfer process occurred between excited BP and GO or MoS2. On the
other hand, kET and ηinj of MoS2-BP/GO are larger than those of BP/GO,
suggesting that the electron transfer occurs from excited BP not only to
GO but also to the adjacent MoS2. This result provides a straightforward
evidence for the efficient transportation of photogenerated electrons
between excited BP and decorated MoS2 and GO, leading highly effi-
cient photocatalytic H2 production in MoS2-BP/GO.

Based on above results, the possible mechanism for photocatalytic

H2 evolution by MoS2-BP/GO under visible-NIR irradiation is illustrated
in Fig. 8. Firstly, based on previous data [23,46], the as-prepared BP
can be excited under visible-NIR light irradiation to generate electrons
and holes in the CB and VB of BP, respectively. Secondly, GO works as a
functional support, not only as a glue reagent for hybridization of MoS2
as the co-catalyst on the surface of BP, but also as the catalyst’s pro-
moter to cause efficient electron transport. The CB electrons of BP can
be rapidly injected to the surface of GO and then to the decorated MoS2
nanosheets owing to the lower work function of MoS2 [46,47]. More-
over, owing to the direct contact between BP and MoS2, a part of
electrons from excited BP is injected to MoS2 directly. After these
electrons are trapped by MoS2, the reduction of H+ (water) occurs to
generate H2. Finally, holes in the VB of BP are captured by methanol,
which is used as a sacrificial electron donor. Accordingly, the enhanced
photocatalytic activity is due to the cooperative effects of GO and MoS2
sheets, leading an efficient charge separation/transfer.

4. Conclusions

In summary, a new noble-metal-free photocatalyst of MoS2-BP/GO

Fig. 7. Transient absorption spectra of BP (a), BP/GO (b), and MoS2-BP/GO (c) under 400-nm laser excitation. Decay profiles of normalized transient absorption
observed at 620 nm for three samples as well as the fitting lines (d).

Table 1
Kinetic parameters of transient absorption decays of BP, BP/GO, and MoS2-BP/GO under 400-nm excitation based on the time profiles of transient absorption
observed at 620 nm.

Samples τ1 (ps) A1 τ2 (ps) A2 τav (ps)a kET (s−1)b ηinj (%)c

BP 29.0 (16.3%) 0.131 155 (83.7%) 0.670 135
BP/GO 11.1 (23.2%) 0.240 104 (76.8%) 0.795 82.1 4.77×109 39.2%
MoS2-BP/GO 9.94 (28.3%) 0.307 93.4 (71.7%) 0.777 69.8 6.92×109 48.3%

a The two-exponential decay curves were fitted using a non-linear least-squares method with a two-component decay law. The average lifetime (τav) was then
determined using the equation: = ∑ ∑=

=
=
=τ τ A τA /i

i n
i i i

i n
i

i
1

2
1 .

b = − −
−

orkET τ P GO τBP τMoS BP GO τBP
1

B /

1 1

2 /

1 .
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with broad wavelength absorption was constructed for the application
of photocatalytic reduction of water to H2. Herein GO shows dual
functions in both synthetic process and photocatalytic H2 production.
Firstly, in the synthetic process, GO acts as a surfactant and catalyst
carrier to assist the exfoliation of bulk BP and decorate MoS2 as the co-
catalyst. Secondly, GO acts as electron shuttle for promoting an efficient
charge separation/transfer during photocatalytic reaction, finally con-
tributing to the enhanced photocatalytic H2 production. This study
provides new insight into the design of broadband photocatalyst for
water splitting to H2 production and we believe that these advances
make more opportunities to develop advanced function materials for
artificial photosynthesis and renewable energy conversion.
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