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A novel graphene-based three-dimensional (3D) aerogel embedded with two types of

functional nanomaterials had been prepared by a facile one-pot hydrothermal process.

During the hydrothermal reaction, graphene, TiO2 nanoparticles and MoS2 nanosheets

were self-assembled into the 3D interconnected networks aerogel, where the uniformly

dispersed TiO2 nanoparticles were densely anchored onto the graphene nanosheets and

decorated with the ultrathin MoS2 nanosheets. The UVevis DRS and PL spectra measure-

ment shows that the MoS2/P25/graphene aerogel exhibits enhanced light absorption and

efficient charge separation properties. As a new photocatalyst, the photocatalytic activity

was evaluated by photoelectrochemical test and photodegradation methyl orange (MO)

under UV irradiation, an improvement of photocurrent was observed, as 6 times higher for

MoS2/P25/graphene aerogel (37.45 mA/cm2) than pure P25 at þ0.6 V, and the fastest pho-

todegradation of MoS2/P25/graphene aerogel was found within 15 min. The improved

photocatalytic activity is attributed to the porous structure, good electrical conductivity

and the maximization of accessible sites of the unique 3D graphene aerogel, the increasing

active adsorption sites and photocatalytic reaction centers for the introduction of MoS2

nanosheets, and the positive synergetic effect between the three components in this

hybrid. This work demonstrates that the as-prepared MoS2/P25/graphene aerogel may

have a great potential application in photoelectrochemical hydrogen production and

pollution removal.
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Introduction
 of accessible sites. Till now, most of these composites are
As one of the most investigated functional material in semi-

conductor photocatalysis, titanium dioxide (TiO2) has been

widely used in the fields of environmental pollutant degra-

dation and energy conversion for its non-toxicity, effective-

ness, low cost, and chemical stability [1e6]. However, the

photocatalytic activities of titanium dioxide are seriously

limited by the photocatalytic sensitivity in the UV region and

the fast recombination of photogenerated electronehole pairs

[5,7,8]. Therefore, many positive and effective approaches

have been employed to improve the photocatalytic activity of

TiO2, such as modifying the surface [9], optimizing the struc-

ture [10], doping of metal or nonmetal elements [11e16], and

coupling of other photosensitive materials [17,18] tomodulate

the optical absorption and facilitate the charge transfer.

Graphene, a flat monolayer of carbon atoms, was first re-

ported by Andre Geim and Kostya Novoselov a decade ago [19],

leading to a revolution in the graphene related research field.

Owing to its fast two-dimensional (2D) electron-transfer ki-

netics, large surface areas, and superior mechanical, thermal

and chemical stability [20e23], graphene was found to be an

attractive supporting material to load functional materials.

Many attempts have been paid to composite the TiO2 with

graphene, these TiO2/graphene composites have been re-

ported to exhibit enhanced photocatalytic activity, but they

still suffer from the low usage of natural sunlight, recombi-

nation of the electronehole pairs and the limited amount of

active reaction centers [24e30]. Recently, molybdenum disul-

fide (MoS2), a quasi-two-dimensional transition metal

dichalcogenide with layered structure, has been highlighted

as a promising hydrogen evolution catalyst. For instance,

Chhowalla's [31] group reported the chemically exfoliated

MoS2 nanosheets possessed excellent activity for hydrogen

evolution reaction. Lu's [32] group reported the limited-

layered MoS2, as a high active co-catalyst, loaded on reduced

graphene oxide (RGO) sheets as an alternative of Pt for

hydrogen evolution. In particular, the synergetic effect of

MoS2 and graphene as co-catalysts for TiO2 nanoparticles

which exhibited superior photocatalytic H2 production activ-

ity, was first reported by Yu's [33] group. Those findings

explicitly indicate the significant potential of ultrathin MoS2
nanosheets in photocatalysis. However, it has been reported

that large accessible surface areas in the above 2D graphene-

based macrostructures are inevitably sacrificed given that

graphene nanosheets are particularly prone to form irrevers-

ible agglomerates, limiting the accessible surface areas for

electrolyte ion infiltration and leading to a huge loss of electro-

active sites [34e36]. To overcome these obstacles, 3D gra-

phene macrostructures (hydrogels and aerogels) have been

developed recently, which are composed of a unique 3D

porous graphene skeleton [37e41]. It is noted that this gra-

phene aerogels or hydrogels can not only preserve the large

accessible surface areas of the graphene sheets but also pos-

sesses highly porous structures with pore sizes of several

micrometers, making the most possible for embedding

nanoparticles in the 3D graphene nanocomposites during a

reduction and self-assembly process owning to its porous

structure, good electrical conductivity and the maximization
consisted of graphene and a single type of nanostructure, and

very few studies are concentrated in the assembly of 3D

graphene-based aerogel with deposited multifarious types of

nanomaterials. Dramatically, a series of unique ternary

graphene-based nanomaterials has been reported with

significantly enhanced performance, benefitting from the

advantages of each component and synergistic interaction

among the three components [33,42e45].

In this work, aim at solving the fast recombination of

photogenerated electronehole pairs and the limited photo-

catalytic reaction sites of TiO2 under UV irradiation. To

improve the photocatalytic activity of TiO2 (P25, 20% rutile and

80% anatase), we embedded it in 3D graphene structure and

decorated with MoS2 nanosheets to enhance light absorption,

accelerate charge separation and increase reaction sites, we

firstly synthesize a ternary 3D graphene-based MoS2/P25/

graphene nanocomposite aerogel via a facile one-step hy-

drothermal reaction. Such 3D MoS2/P25/graphene aerogel

shows an interconnected macroporous framework of gra-

phene sheets with uniform deposition of TiO2 nanoparticles

and MoS2 nanosheets. Taking photoelectrochemical mea-

surement and photodegradationmethyl orange (MO) (0.02 g/L)

test of the as-prepared samples under UV irradiation, the

ternary MoS2/P25/graphene-aerogel shows the best photo-

catalytic properties, which may benefit from the porous

structure, good electrical conductivity and the increasing

accessible sites of 3D graphene aerogel, as well as the novel

optoelectronic and catalytic properties of MoS2 nanosheets,

and the positive synergetic effect of this hybrid. The durability

was also investigated via amore than 80 cycles photoresponse

measurement and four cycling runs in the photodegradation

of MO. These excellent properties demonstrate that this 3D

ternary graphene-based structure is an efficient method to

improve the photocatalytic activity of TiO2.
Experimental section

Sample preparation

As a precursor, graphene oxide (GO) was synthesized from

graphite powder (>99.8%, Sinopharm Chemical Reagent Co.

Ltd) by the modified Hummer's method [46]. As another pre-

cursor, ultrathin MoS2 nanosheets were synthesized from the

MoS2 bulk (99.999%, Aladdin Chemistry Co, Led) crystals by

intercalation of lithium ions (Liþ) via hydrothermal treatment

[47], a large quantity of MoS2 nanosheets were obtained after

the resulting lithiated materials were exfoliated in water. The

details about the preparation of GO and MoS2 nanosheets

could be obtained in Supporting Information. The ternary

MoS2/P25/graphene aerogel was obtained via a hydrothermal

method based on Shi's work [48], with modifications. Ac-

cording to the previous reports [49], the optimal mass ratio of

GO to TiO2 is 1:4, and once the content of MoS2 reach 0.5% [33],

it has the highest photocatalytic activity. In detail, 30mL of GO

brown colloidal dispersion (3 mg/mL) was prepared by ultra-

sonic treatment for 1 h, then 0.36 g of TiO2 (Degussa P25 grade)

and 2.5 mg solution exfoliated MoS2 nanosheets were added
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into the obtained GO colloidal dispersion and stirred for

another 2 h in order to obtain a homogeneous suspension. The

suspension was then placed in a 50 mL Teflon-sealed auto-

clave and maintained at 180 �C for 12 h to form a network

during the reduction of GO and to embed both of P25 nano-

particles and MoS2 nanosheets on the graphene support.

Finally, after cooling down to the room temperature, a

columnar hydrogel of 3D graphene loaded with P25 nano-

particles andMoS2 nanosheets was eventually fabricated. The

free-standing MoS2/P25/graphene hydrogel was taken out,

washed with distilled water, and freeze-dried into an aerogel

overnight for further use. For comparison, the graphene/P25/

MoS2-composite, P25/graphene aerogel, MoS2/P25 composite

and MoS2/graphene aerogel, have been also prepared via a

hydrothermal route under the same conditions, respectively.

The details about the preparation of the graphene/P25/MoS2-

composite could be obtained in Supporting Information.

Characterization

The crystal structures of the as-prepared samples were

determined by X-ray diffraction (XRD) using Cu Ka radiation.

The morphologies and microstructures of the samples were

characterized using scanning electronmicroscopy (SEM, JEOL,

JSM 6360) and transmission electron microscopy (TEM,

JEM2100) with an energy dispersive spectroscope (EDS).

Raman spectra were collected by using the Renishaw InVia

Raman microscope, excited at room temperature with exci-

tation laser wavelength of 532 nm. The photoluminescence

(PL) spectra were characterized at room temperature with a

model LS-55 fluorescence spectrophotometer (Perkin Eimer,

USA) under the ultraviolet excitation of 280 nm. The UVevis

absorption spectra were measured under the diffuse reflec-

tion mode using a Shimadzu 2550 UVevisible spectrometer

equipped with an integrating sphere (ISR-2200, Shimadzu).

Fine BaSO4 powder was used as a standard for baseline mea-

surements, and the spectra of the samples with the same

mass in powder formwere recorded in a range of 200e800 nm.

Photoelectrochemical (PEC) H2 generation

The experiments of H2 generation from water were imple-

mented in a standard three-electrode system with different

photoanodes (MoS2/P25/graphene-aerogel, graphene/P25/

MoS2-composite, P25/graphene aerogel, MoS2/P25 composite,

MoS2/graphene aerogel and P25) and the cathode (Pt flake). An

Ag/AgCl electrode was used as the reference electrode. The

detailed description of the procedures for preparing the

working electrodes was provided in Supporting Information.

The electrolyte was amixture of an aqueous solution of 0.24M

Na2S and 0.35 M Na2SO3, and the electrolyte solution was first

degassed by passing a flow of purified argon gas for at least

20 min. A CHI660D (ChenHua, China) electrochemistry work-

station was used to control the potential and record the

photocurrent generated.A 350WXearc lampwasplaced20 cm

away from the reaction vessel, which was used as a light

source. The illumination intensity on the photoanode was

fixed at 30 mW/cm2. The linear sweep voltammograms of the

different samples under light illumination were recorded at a

scan rate of 10mV/s at the same condition. The charge transfer
resistance was determined by electrochemical impedance

spectroscopy (EIS) which was done at open circuit potential

under similar conditions as described above for PEC tests. The

amplitude of the sinusoidal wave was 10 mV, and the fre-

quency range under our examination was 100 kHz to 0.1 Hz.

Photocatalytic testing

The photodegradation of methyl orange (MO) dyes was

observed based on the absorption spectroscopic technique. In

details, 25 mg of the as-prepared photocatalyst was sus-

pended in 100 mL of MO dyes in aqueous solution (0.02 g/L)

contained in a 100 mL cylindrical quartz vessel. Before irra-

diation, in order to ensure the establishment of an adsorp-

tionedesorption equilibrium, the suspensions were stirred in

the dark for 1 h. Under stirring, the vessel was exposed to the

UV irradiation produced by a 300 W high pressure Hg lamp

(the average light intensity was 30 mW/cm2) with the main

peak at wavelength of 365 nm. At given intervals, 4 mL of

suspension was extracted and then centrifuged at 5000 rpm

for 3 min to get rid of the catalysts from the supernatant.

Then, the solution was analyzed by recording the UVevis

absorption spectrum of MO at the maximum absorbance of

465 nm. In the durability test of the MoS2/P25/graphene-aer-

ogel catalyst in the photodegradation of MO under UV irradi-

ation, four consecutive cycles were tested. At the beginning,

25 mg of MoS2/P25/graphene-aerogel was dispersed in 100 mL

of MO solution (0.02 g/L). Then the mixture underwent four

consecutive cycles, each lasting for 30 min. After each cycle,

the catalyst was filtrated and washed thoroughly with water,

and then added into the fresh MO solution (0.02 g/L).
Morphology and microstructure
characterizations

The powder X-ray diffraction pattern of the as-prepared

ternary MoS2/P25/graphene aerogel was shown in Fig. 1(a),

which was compared with pure P25 nanoparticles and sole

MoS2 nanosheets. The XRD pattern of the MoS2/P25/graphene

aerogel indicates that the ternary sample is well crystallized.

Meanwhile, it is easy to find that all the diffraction peaks for

the pristine MoS2 nanosheets sample could be well indexed to

molybdenite-2H phase MoS2 (JCPDS file no. 37-1492), and that

pristine P25 is well indexed to anatase TiO2 (JCPDS file no. 21-

1272) and rutile TiO2 (JCPDS file no. 21-1276). The ternary

aerogel also exhibited all the XRD peaks for P25 and the ma-

jority peaks for MoS2, which was due to relatively low

diffraction intensity of MoS2, respectively. However, no signal

for carbon species could be observed, which might be attrib-

uted to the efficiently deposited of P25 nanoparticles on the

graphene surface, suppressing the stacking of graphene

layers. In order to clarify the characterizations of the ternary

aerogel further, Raman analysis was also performed. Fig. 1(b)

shows the typical Raman spectra of GO, P25, MoS2 nanosheets

and MoS2/P25/graphene aerogel, respectively. The peaks

observed at 384 and 406 cm�1 in the Raman spectrum of MoS2
can be indexed to the in-plane E12g and out-of-plane A1g vi-

bration of MoS2 nanosheets [50]. For pristine P25 sample, the

Raman band at 143 cm�1 is very intense and sharp, which can
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Fig. 1 e (a). XRD patterns of P25, MoS2 nanosheets and MoS2/P25/graphene-aerogel, (b) the Raman spectra of pristine GO,

P25, MoS2 nanosheets and MoS2/P25/graphene-aerogel.
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be mainly attributed to the B1g mode in rutile as well as the Eg
mode at 144 cm�1 in anatase. Furthermore, the Raman peaks

at 396, 513 and 639 cm�1 are assigned to the B1g, A1g and Eg
modes of anatase [51], respectively. The characteristic peaks

of MoS2 and P25 can be detected simultaneously in the ternary

aerogel, confirming that the hydrothermal treatment does not

destroy the structure of MoS2 and P25. Moreover, the Raman

spectrumof the GO, as expected, displays a prominent G-band

(graphite carbon band) as the only feature at 1603 cm�1, cor-

responding to the in-plane vibration of sp2 carbon atoms, and

the D-band (disordered carbon band) at 1358 cm�1 is attrib-

uted to the first-order zone boundary phonons, which is ab-

sent from defect-free graphene but exists in defect-contained

graphene [52]. After hydrothermal treatment, D-band and G-

band are still present at 1602 and 1352 cm-1, respectively.

However, compared to the GO precursor, the D/G intensity

ratio of the MoS2/P25/graphene sample increased, which is

proposed to be caused by the reduction of the GO during hy-

drothermal treatment [53]. Consequently, it is believed that

the hydrothermal treatment does not change the inherent

structures of the raw materials.

The obtained ternary hydrogel was directly dehydrated via

a freeze-drying process to maintain the 3D monolithic archi-

tecture, and the final product was a black cylindrical hybrid

aerogel as the digital image shown in the inset of Fig. 2(a). The

morphologies and microstructures of the ternary MoS2/P25/

graphene aerogel are characterized by SEM and TEM.

In Fig. 2(a), the cross-section SEM images of the ternary aer-

ogel are aimed at revealing the internal characteristics of the

sample. The obtained MoS2/P25/graphene-aerogel exhibits

porous structure after physical cross-linking of graphene

sheets into an interconnected network. As shown in Fig. 2(b),

the pore sizes of the network are about several micrometers

and the walls consist of thin layers of stacked graphene

sheets, which are densely embedded with TiO2 nanoparticles,

and unapparent aggregated nanoparticles can be clearly

observed anchoring on the graphene plane supports. Howev-

er, MoS2 nanosheets can not be easily found, which was

attributed to the relative low amount. Moreover, the graphene
sheets are rather thin and wrinkled, indicating the efficient

self-assembly of graphene sheets. In the HRTEM image

(Fig. 2(d)) taken from a small region shown in Fig. 2(c), several

TiO2 nanoparticles were observed to cover in MoS2 nano-

sheets that are densely anchored in graphene supports. The

lattice fringes with a d spacing of 0.350 nm and 0.621 nm can

be assigned to the (101) lattice planes of anatase TiO2, and

(002) crystal face of molybdenite-2H phase MoS2, respectively.

Therefore, close connection of TiO2, MoS2 nanosheets and

graphene components was successfully achieved by hydro-

thermal treatment. The elemental mapping (inset in Fig. 2(d))

of the ternary aerogel obtained by EDS also indicates that the

atomic ratios of the elements are close to their feeding molar

ratios. In consequence, these two functional nanostructures

are successfully loaded on the graphene sheets and the

resulting composites are self assembled into a 3D graphene

interconnected network aerogel during the hydrothermal

treatment. Such 3D graphene-based aerogel embedding

nanoparticles has been reported that it can enhance its

interface contact and suppress the dissolution and agglom-

eration of nanostructures, then improve the photo-

electrochemical activity and stability of the hybrids [39]. From

the above results and discussions, the unique structure and

the integrity of the components of the ternary composite

aerogel make us strongly believe that this 3D graphene-based

aerogel embedded with TiO2 nanoparticles and MoS2 nano-

sheets would possess outstanding activity and stability for

photoelectrochemical and photocatalytic test.
Optical characterization

As is well known, the charge recombination rate is a key factor

to the photocatalysis activity. Since PL emission is the result of

the recombination of free carriers [54], it has beenwidely used

to investigate the efficiency of charge carrier trapping,

migration, and transfer and to understand the fate of electron

hole pairs in semiconductor particles. Fig. 3 shows the PL

emission spectra of P25, MoS2/P25, P25/graphene, and MoS2/

http://dx.doi.org/10.1016/j.ijhydene.2014.09.043
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Fig. 2 e (a), (b) the SEM images of the as-prepared MoS2/P25/graphene-aerogel, the inset image is the Digital photo of the

free-standing MoS2/P25/graphene-aerogel; (c, d) TEM images and EDS (insert) pattern of the as-prepared MoS2/P25/

graphene-aerogel.
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P25/graphene aerogel, respectively. For the pure P25, themain

peaks at 370 and 379 nm are the band gaps of the anatase

phase, and the peak at 394 nm is the band gaps of rutile phase,

which is consistent with that of previous reported [55,56]. The

three peaks at 407, 420 and 441 nm can be assigned to self-

trapped excitons localized on TiO6 octahedra, and the peaks

around 465 nm (459 nm and 483 nm) and around 525 nm are

ascribed to the emissions from the charge transfer transition

of oxygen vacancy trapped electrons [54,57], respectively.
Fig. 3 e PL spectra of MoS2/P25/graphene-aerogel, P25/

graphene, MoS2/P25, and P25 nanoparticles.
Comparedwith the pure P25, the peaks of the other samples in

the PL emission spectra become feeble. Because PL emission

results from the recombination of excited electrons and holes,

the lower the PL emission intensity, the lower the recombi-

nation rate of the photogenerated electrons and holes [58]. It is

easy to observe that the intensity of MoS2/P25/graphene aer-

ogel is lower than the MoS2/P25 and P25/graphene, indicating

that both of the introduction of MoS2 nanosheets and the

unique 3D graphene interconnected network structure with

porous structure and the maximization accessible sites can

extremely enhance the efficient charge separation, prolong

the life time of the carriers, hamper the recombination of

photogenerated electronehole pairs, thereby improving the

photocatalytic activity, which is attributed to the good elec-

trical conductivity of 3D graphene aerogel.

The UVevis diffuse reflectance spectra (DRS) of the ternary

MoS2/P25/graphene-aerogel, graphene/P25/MoS2-composite,

P25/graphene aerogel, MoS2/P25, MoS2/graphene aerogel and

pure P25 were also measured, as depicted in Fig. 4. Comparing

with the DRS spectra of composites and isolated P25, it is easy

to observe that the absorption edge of MoS2/P25 and P25/gra-

phene undergo a red shift and an enhanced absorption, which

was attributed to the loading ofMoS2 can further improves the

light absorption ability of the composite for its narrower band

gap [59], and the 3D graphene structure can also enhance the

light absorption owning to its excellent light absorption

properties [60,61]. Moreover, compared with the graphene/

P25/MoS2-composite, binary composites (MoS2/P25 and P25/

graphene aerogel) and pure P25, the characteristic absorption

of the ternary MoS2/P25/graphene-aerogel shows a significant

http://dx.doi.org/10.1016/j.ijhydene.2014.09.043
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Fig. 4 e UVevis diffuse reflectance spectra (DRS) of MoS2/

P25/graphene-aerogel, graphene/P25/MoS2-composite,

P25/graphene, MoS2/P25, MoS2/graphene, graphene-

aerogel, MoS2 and P25 nanoparticles.

Fig. 5 e Photocurrent obtained from MoS2/P25/graphene-

aerogel, graphene/P25/MoS2-composite, P25/graphene,

MoS2/P25, MoS2/graphene, and P25 nanoparticles in

sulfide-sulfite electrolyte and under UV irradiation.
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improvement in absorption intensity and an obvious red shift

in the absorption edge from 385 to 405 nm, which may be due

to the unique 3D interconnected network porous structure

and the positive synergetic effects among the three different

components. In addition, the DRS spectra of the MoS2/gra-

phene aerogel shows a relatively broad absorption from

200 nm to 800 nm, implying that such a 3D interconnected

network structure graphene aerogel decorating with MoS2
nanosheets also plays an effective role to improve the ab-

sorption to light of the ternary aerogel. From the above dis-

cussions on the optical properties, the ternary MoS2/P25/

graphene aerogel exhibits efficient charge separation,

enhanced light absorption, as well as effective interfacial

contacts among the P25, MoS2 and graphene components,

which would display excellent photocatalytic activities in the

photoelectrochemical and photocatalytic degradation test.
Photoelectrochemical measurements

To access the photoelectrochemical activities, the MoS2/P25/

graphene electrode is used as a photoanode in the PEC cell in

sulfide-sulfite (S2�/SO3
2�) electrolyte under UV irradiation.

Moreover, to further emphasize the good electrical conduc-

tivity and the maximization of accessible sites of both 3D

interconnected network graphene-based aerogel and the

introduction of MoS2 nanosheets, control experiments were

also carried out. The linear sweep voltammograms (JeV curve)

are illustrated in Fig. 5. Since the anode photocurrent density

is directly proportional to the quantity of evolved hydrogen,

the large photocurrent density indicates brilliant hydrogen

evolution behavior, confirming that the experimental photo-

current in the system is derived fromH2 evolution. It is easy to

find that the photocurrent density of MoS2/P25/graphene-

aerogel photoanode increases significantly in a potential

window from �1.2 to þ1.2 V vs. Ag/AgCl, and it reveals a
pronounced photocurrent starting at about �1.0 V and in-

creases to 37.45 mA/cm2 at þ0.6 V under illumination, which

is about six times higher than that of pristine P25 (5.95 mA/

cm2) photoanode at þ0.6 V. Compared to pure P25 sole semi-

conductor, the MoS2/P25 and P25/graphene and graphene/

P25/MoS2-composite show advanced activity, thereinto, their

values of photocurrent density at þ0.6 V are 8.92, 19.6 and

12.35 mA/cm2, respectively. However, all of these values for

binary hybrids aremuch less than that of MoS2/P25/graphene-

aerogel, indicating that the positive synergy of the ternary

graphene-based aerogel can significantly improve photo-

catalytic activity, i.e. an available increase in photocatalytic

activity would be achieved in the presence of a 3D graphene

aerogel and MoS2 nanosheets.

In order to gain insight into the electronic interaction

among P25, MoS2 and 3D graphene aerogel, the photocurrent

transient response of as-prepared various catalyst electrodes

were also performed in three-electrode system with Pt as the

cathode at 0 V vs. Ag/AgCl under intermittent illumination.

Fig. 6 shows the fast and uniform photocurrent responses for

each switch-on and switch-off operation for MoS2/P25/gra-

phene-aerogel, graphene/P25/MoS2-composite, and P25/gra-

phene, MoS2/P25, MoS2/graphene and P25 electrodes,

respectively. It is interesting that the photocurrent of the

MoS2/P25/graphene-aerogel electrode is about twenty times

as high as that of the pure P25 electrode. Moreover, the

photocurrent is so stable that no obvious photocurrent decay

can be found. In contrast, the photocurrent densities of the

electrodes without MoS2 (pure P25 and P25/graphene) exhibit

much lower than that of samples contained MoS2, suggesting

that the introduction of MoS2 nanosheets can be in favor of

strengthening the charge separation and transport. In addi-

tion, the photocurrent density of graphene/P25/MoS2-com-

posite is much lower than that of the MoS2/P25/graphene-

aerogel, which was attributed to the absence of this unique 3D

graphene mesoporous structure aerogel. Furthermore, the

photocurrent intensity of the MoS2/P25/graphene-aerogel is

http://dx.doi.org/10.1016/j.ijhydene.2014.09.043
http://dx.doi.org/10.1016/j.ijhydene.2014.09.043


Fig. 6 e The photocurrent response of MoS2/P25/graphene-

aerogel, graphene/P25/MoS2-composite, P25/graphene,

MoS2/P25, MoS2/graphene, and P25 nanoparticles in

sulfide-sulfite electrolyte with the applied potential 0 V.
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nearly eight times as high as that of MoS2/P25, and the gen-

eration of this strong photocurrent is proposed to be the result

of the sharp separation of electronehole pairs for the good

electrical conductivity and the maximization of accessible

sites of this unique 3D graphene interconnected network

structure. In order to investigate the stability of the MoS2/P25/

graphene-aerogel, a long-time photoresponse measurement

(more than 8000 s) was conducted as shown in Fig. S1 in the

Supporting Information, only faint photocurrent decay is

observed in the primary stage and the photocurrent density is

well maintained even over 80 cycles. It is suggested that the

construction of the presented ternary aerogel is quite stable in

such photoelectrochemical processes, and the functions of
Fig. 7 e EIS Nynquist plots of MoS2/P25/graphene-aerogel, graph

nanoparticles in sulfide-sulfite electrolyte and under UV irradia
each component in the hybrid aerogel is also keeping a good

activity during the long-time photoresponse process.

To better understand the improved electron-transfer

properties of the MoS2/P25/graphene-aerogel photoanode,

we also carried out the electrochemical impedance spectros-

copy (EIS), which is said to be electrical conductivity of the

interfacial contact between graphene and photocatalyst

components, as a pivotal factor to the photocatalytic activity,

reported by H. Park's group [62]. Fig. 7 shows the Nyquist plots

of these as-prepared photoanodes. The radius of the curve on

the EIS spectra generally reflects the interface layer resistance

occurring at the surface of the electrode, therefore, the

smaller of curve radius means the lower impedance [63,64]. It

is clear that the impedance of the ternary MoS2/P25/graphene

aerogel and P25/graphene can be negligible when compared

with those of the graphene/P25/MoS2-composite, MoS2/P25

and P25, suggesting that the introduction of 3D graphene

aerogel can induce a decrease in the solid state interface layer

resistance and the charge transfer resistance on the surface,

especially the maximization of accessible sites of 3D

graphene-based aerogel in this case. Further, the Nyquist

plots of the MoS2/P25/graphene aerogel and P25/graphene

were also shown in the inset of Fig. 8. It is noted that the in-

ternal resistance of MoS2/P25/graphene-aerogel is lower than

that of P25/graphene, which can be attributed to the intro-

duction of MoS2 nanosheets that can optimize the inter-

particle electron transfer process, consisted with the above

DRS results. Therefore, the above EIS results and discussions

demonstrate that such porous structure, good electrical con-

ductivity and the maximization of accessible sites of the 3D

graphene-based aerogel with embedded multifarious func-

tional nanomaterials can dramatically enhance the separa-

tion and transfer efficiency of photogenerated electroneholes

pairs through the interfacial interactions among P25, MoS2
nanosheets, and graphene.
ene/P25/MoS2-composite, P25/graphene, MoS2/P25, and P25

tion.
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Fig. 8 e (a) Bar plot showing the remaining methyl orange (MO) in solution after reaching the adsorption equilibrium in the

dark over MoS2/P25/graphene-aerogel, graphene/P25/MoS2-composite, P25/graphene, MoS2/P25, MoS2/graphene, and P25.

(b) photo-degradation of MO by MoS2/P25/graphene-aerogel, graphene/P25/MoS2-composite, P25/graphene, MoS2/P25,

MoS2/graphene, and P25 with a reaction time of 30 min under UV irradiation.
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Photocatalytic performance

The photocatalytic activities of MoS2/P25/graphene-aerogel,

P25/graphene, graphene/P25/MoS2-composite, MoS2/P25,

MoS2/graphene and P25 were measured by the photo-

degradation of methyl orange (MO) as a model reaction

under UV irradiation. Before irradiation, a dark adsorption test

was carried out to estimate the adsorptivity of the as-prepared

samples. Fig. 8(a) shows the time dependent absorption to MO

solutions of these photocatalysts during the dark adsorption.

It is easy to find that the MoS2/P25/graphene-aerogel exhibits

better adsorptivity than the graphene/P25/MoS2-composite,

the binary and signal materials, which was attributed to the

maximization of accessible sites of the 3D interconnected

networks. The photo-degradation of MO is further investi-

gated after MO is adsorbed on the surface of these samples, as

shown in Fig. 8(b). The Y-axis is reported as C/C0, where C0 and

C are the initial and actual concentration of MO at different

reaction times, respectively. Obviously, the degradation of MO

can be completed within 15 min towards the MoS2/P25/gra-

phene-aerogel, which was much faster than the graphene/

P25/MoS2-composite that that it still remains about 9% MO
Table 1 e Comparison of the photocatalytic performance of Mo
MoS2.

Photocatalysts Light source Photocatalyst
(mg/mL)

Org

TiO2@MoS2

(50 wt% of MoS2)

Visible light 10 mg/100 mL Rhoda

nano-MoS2/TiO2 Visible light 100 mg/150 mL Methy

0.020

TiO2/MoS2 Visible light 35 mg/100 mL Methy

MoS2/P25/graphene

aerogel

(0.5 wt% of MoS2)

UV light 25 mg/100 mL Methy

0.020

Note: the % degradation (after 15 min irradiation) was estimated by their
molecules after irradiation of 15min. Compared to the ternary

hybrid, all of the binary hybrid and the mono-semiconductors

reveal much lower photo-degradation activities. Furthermore,

after 15 min irradiation, there still has 14% and 18% of the

initial contaminants in the P25/graphene aerogel and MoS2/

P25 composite, when compared to the almost 0% of MoS2/P25/

graphene-aerogel, it is easy to observe that the unique 3D

graphene aerogel domuch positive effect than theMoS2 to the

photocatalytic performance, indicating that the 3D graphene

aerogel dominates the overall improvement of the photo-

catalytic performances. In addition, we also compared the

performance of photodegradation organic dyes of the as-

prepared MoS2/P25/graphene-aerogel to some other relative

studies, as list in Table 1. The results demonstrate that the

MoS2/P25/graphene-aerogel with favorable photocatalytic

properties is a competitive candidate for pollution removal.

The stability of the MoS2/P25/graphene-aerogel catalyst for

the degradation of MO under UV irradiation was also tested,

which was monitored for four consecutive cycles, each for

30 min. From the cycling runs in the photodegradation of MO

(Fig. S2 in Supporting Information), it was found that no sig-

nificant decrease was observed in the photo-degradation rate

during the four consecutive cycles, as a photocatalyst, the
S2/P25/graphene-aerogel and several reported consisted of

anic dyes (g/L) % degradation
(after 15 min irradiation)

Ref.

mine B 0.015 g/L 75 [65]

l orange

g/L

18.75 [66]

lene blue (8 mg/L) 3.75 [67]

l orange

g/L

100 This work

experimental result.
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MoS2/P25/graphene-aerogel displayed good stability. The su-

perior adsorptivity and outstanding degradability of MoS2/

P25/graphene-aerogel is suggested to be assigned to the

unique 3D structure and the introduction of MoS2 nanosheets.

Thereinto, the 3D interconnected network structure exhibits

increasing accessible sites can be in favor of enhancing the

physical adsorption and improving the photocatalytic activity,

while, the introduction of MoS2 nanosheets can beneficial to

increase the number of active adsorption sites and photo-

catalytic reaction centers, resulting in the improvement of the

photocatalytic performances.
Photocatalytic mechanism

Based on the above discussions and analysis, the superior

photocatalytic activity of the ternary MoS2/P25/graphene aer-

ogel is summarized for the following factors: (i) 3D graphene

porous architecture with a highly porous ultrafine nano-

assembly network structure, excellent electric conductivity,

and the maximization of accessible sites, (ii) increasing active

adsorption sites and photocatalytic reaction centers for the

introduction of MoS2 nanosheets, (iii) positive synergic effects

among graphene, MoS2 nanosheets and P25 for reducing the

recombination of photo-generated electroneholes pairs. Here,

a possible mechanism for the ternary MoS2/P25/graphene

aerogel is proposed, as shown in Fig. 9. When the system is

under UV irradiation, the valence bands (VB) electrons of TiO2

semiconductors are excited to the conduction bands (CB),

leaving holes in the VB, thereby forming photo-induced elec-

tronehole pairs. Because the graphene/graphen�� redox po-

tential is slightly lower than theCBofTiO2 [33], theCBelectrons

of TiO2 can be injected into the graphene sheets, resulting in

effective charge transport. Moreover, the MoS2 nanosheets

havebeen reported to act as active sites for hydrogenevolution

to accept electrons in nanocomposites [33]. In this case, the

photogenerated electrons in the CB of TiO2 can be transferred

toMoS2 nanosheets through the good electrical conductivity of

the unique 3D graphene aerogel and then react with the
Fig. 9 e (a) Schematic structure of the 3D MoS2/P25/graphene-a

mechanism for hydrogen production and photo-degradation of

irradiation.
adsorbedHþ ions at the edges ofMoS2 to formH2, or oxidize the

MO, indicating that the dramatically synergetic effect between

P25, MoS2 nanosheets and graphene can efficiently suppress

charge carriers recombination, improve the interfacial charge

transfer and increase the number of active adsorption sites

and photocatalytic reaction centers. Simultaneously, partial

photogenerated electrons can also be directly transferred from

TiO2 to MoS2 nanosheets to react with Hþ to form H2. In addi-

tion, the photogenerated holes (hþ), remaining in TiO2, will

react with the species in the surrounding electrolyte to main-

tain the reaction. Briefly, the photogenerated electrons in the

CB of TiO2 can be directly transferred to MoS2 nanosheets or

through the self-assembled 3D graphene interconnected

network aerogel, resulting in the efficient separation of the

photogenerated electronehole pairs, the prolongation the

lifetime of the charge carriers, the expansion the reaction

space, as well as the enhancement of the photocatalytic ac-

tivity for hydrogen production and pollution removal.
Conclusion

In conclusion, we have demonstrated a new strategy by inte-

grating the good electrical conductivity and the maximization

of accessible sites of unique 3D graphene porous aerogel and

the MoS2 nanosheets with increasing reaction sits to enhance

the photocatalytic efficiency of TiO2. Following such ideas, a

new type of multifunctional 3D MoS2/P25/graphene ternary

aerogel has been fabricated by a facile one-step hydrothermal

self-assembled approach. The obtained hybrid aerogel exhibit

well defined interconnected 3D mesoporous microstructure,

superior photoelectrochemical performance and outstanding

photo-degration activity under UV irradiation, as an

improvement of 6 times of photocurrent (37.45 mA/cm2) at

þ0.6 V than pure P25, and the photodegradation can be

completed within 15 min. The ternary MoS2/P25/graphene

aerogel behaves the highest photocatalytic activity, which

benefits from enhanced light-harvesting efficiency, efficient

charge separation properties, incremental active sites and
erogel networks, (b) illustration of the proposed reaction

MO over the MoS2/P25/graphene-aerogel under UV

http://dx.doi.org/10.1016/j.ijhydene.2014.09.043
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superior durability of the 3D ternary aerogel. It is anticipated

that this work may promote the development of 3D graphene

as a self-supporting mesoporous microstructure aerogel for

embedding multi-element nanostructures, and potential ap-

plications of graphene-based materials in the field of energy

conversion and pollution removal.
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