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ABSTRACT: Solar-driven photocatalytic process based on
electron—hole pair production in semiconductors is a long
sought-after solution to a green and renewable energy and has
attracted a renaissance of interest recently. The relatively low
photocatalytic efficiency, however, is a main obstacle to their
practical applications. A promising attempt to solve this
problem is by combined use of metal nanoparticles, by taking
advantage of strong and localized plasmonic near-field to
enhance solar absorption and to increase the electron—hole
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pair generation rate at the surface of semiconductor. Here, we report a semiconductor/metal visible-light photocatalyst based on
CdSe/CdS-Au (QD-Au) core—satellite heteronanocrystals, and assemble them on graphene nanosheets for better photocatalytic
reaction. The as-synthesized photocatalyst exhibits excellent plasmon-enhanced photocatalytic activities toward both
photodegradation of organic dye and visible-light H, generation from water. The H, evolution rate achieves a maximum of
3113 umol h™' g™' for the heteronanocrystal-graphene composites, which is about 155% enhancement compared to
nonplasmonic QD-G sample and 340% enhancement compared to control QD-Au-G sample, and the apparent quantum

efficiency (QE) reaches to 25.4% at wavelength of 450 nm.
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1. INTRODUCTION

Semiconductor photocatalysis, especially that based on nano-
scale materials, has been envisioned as a viable strategy for
simultaneously solving the incoming energy and environmental
problems since the discovery of photocatalytic water splitting
by using TiO, electrodes in 1972.'~7 To date, photocatalytic
nanosystems are based mostly on oxide semiconductors (such
as TiO,, ZnO, etc.) and operated with UV light,s_m which
accounts for only a small fraction of the incident sunlight
(~4%). Additionally, the limitation in synthetic chemistry of
oxide semiconductor also limits its further practical applications
in the field of photocatalysis.

Recently, researchers have switched their efforts to develop
visible-light-responsive photocatalysts because 43% of the solar
energy is the visible light.ll_ 3Among other candidates,
quantum-sized semiconductor nanocrystals (S-NCs) are
promising alternative materials for light driven proton
reduction due to their unique properties.”"> Meanwhile,
enormous progress made on the synthetic chemistry of various
semiconductor NCs (the size and morphology control, band
gap and composition engineering, and so on) benefits
photocatalyst materials design."®™"® However, a drawback of
the S-NC photocatalytic systems is that the photogenerated
electrons and holes arising from the excited states of S-NCs are
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unstable and can easily recombine, which results in low
photocatalytic efficiency.”>'* Various strategies have been
employed to improve the carrier separation efficiency of
semiconductor photocatalysts,”*'>'*~** such as depositing
noble metals on semiconductor NCs, synthesis of heteroge-
neous semiconductors, and incorporation of semiconductor
particles with carbon materials (e.g, graphene, carbon nano-
tube). Especially, anisotropic multicomponent nanomaterials
(different metals and semiconductors) composed of graphene
nanosheets (GNS) are highly desirable in the field of
photocatalysis because of their ability to tune the charge
separation behavior through the interaction between them by
their favorable band alignment.“’14 Previously, however, the
discrete S-NCs and noble metal NPs, of which platinum and
palladium were usually used,”*'* were loaded on the surface of
GNS via different ways with indirect contacts, which lows the
separation efficiency of photogenerated carriers."*"® Some
plasmonic and nonplasmonic noble metal—semiconductor
hybrid nanostructures have been recently synthesized and
applied to photocatalytic reactions, and compared with
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nonplasmonic noble metal—semiconductor photocatalytic
materials, the plasmonic hybrid nanomaterials displayed better
photocatalytic activity because they can increase the light
absorption,”* ™ but there are few reports about graphene-
supported plasmonic metal—semiconductor hybrid photo-
catalytic nanomaterials, so it is very necessary and helpful to
study plasmon-induced carrier behavior and photocatalytic
activity of the graphene-supported semiconductor/metal
heteronanocrystal materials. Designing and preparing structur-
ally well-defined and graphene-supported semiconductor/metal
heteronanocrystals (HNCs) with high photocatalytical per-
formance is therefore highly desired and remains a great
challenge.

Here, we report a novel semiconductor/metal HNC
photocatalyst based on CdSe/CdS-Au core—satellite HNCs
and their assembly on GNS for visible-light dye photo-
degradation and H, production from water. Direct contact
between satellite Au NPs and core S-NC is designed to trap
plasmonically visible light and form a localized electromagnetic
energy close to the surfaces of the S-NC, which increases the
electron—hole pair generation rate of the nanosystem. The
photocatalytic results prove that the as-prepared CdSe/CdS/
Au-graphene (QD/Au-G) composites have a significantly
better photocatalytic performances as compared with the
nonplasmonic CdSe/CdS-graphene (QD-G) and semiconduc-
tor-Au indirect contacted control QD-Au-G composites for
photodegradation of organic dyes and water splitting.

2. EXPERIMENTAL SECTION

Materials. Cadmium oxide (99.99%), selenium (99.5%, 100 mesh),
sulfur (99.98%, powder), trioctylphosphine (TOP, 90%), 1-octadecene
(ODE), oleic acid (OA, 90%), oleylamine (OLA, 70%), and
octadecylamine (ODA, 97%) were purchased from Aldrich. Dodecyl-
amine (DDA, 99%) was obtained from Aladdin. HAuCl, Na,S,
Na,SO;, and all organic solvents were purchased from Beijing chemical
works. All chemicals were used directly without any further
purification.

Synthesis of CdSe/CdS Nanocrystals. The CdSe/CdS core/
shell NCs were synthesized by SILAR technique as reported in
literature. A typical SILAR synthesis was performed as follows: 4 mL
of ODE and 1.5 g of ODA were loaded into a 50 mL reaction vessel,
heated to 100 °C under vacuum for 1 h, and cooled to room
temperature. The CdSe NCs in hexane (3.9 nm in diameter, 2.9 X
1077 mol) were added, and the system was kept at 100 °C under
vacuum for 30 min to remove the hexane and other undesired
materials of low vapor pressure. Subsequently, the solution was heated
to 235 °C under N,-flow where the shell growth was performed. This
is followed by alternating addition of Cd precursors and sulfur
precursors, respectively, the amount of which was calculated from the
respective volumes of concentric spherical shells with a thickness of
one hypothetical monolayer (ML). A period of 15 min between each
addition was sufficient for the reaction to be completed. The complete
coverage procedure of CdSe cores with 6 MLs of CdS took about 3 h
in total. After this time, the solution was kept for another 30 min at
260 °C and finally cooled to room temperature. For purification, 10
mL of hexane was added and the unreacted compounds and
byproducts were removed by successive methanol extraction (at
least three times) until the methanol phase was clear.

Photoluminescence quantum yields (QYs) of the nanocrystals was
determined from the integrated fluorescence intensity of the
nanocrystals and the reference (R6G, excited at 488 nm, emission at
580 nm, QY = 95%)

QY, = (FA,QY,)/(EA)) (1)

Where F; and F, are the integrated fluorescence emissions of the
sample and the reference, A, and A, are the absorbance of the sample

and the reference at the excitation wavelength, and QY and QY, are
the quantum yields of the sample and the reference, respectively.

Deposition of Au on Colloidal CdSe/CdSCore/Shell Nano-
crystals. For the synthesis of heterogeneous semiconductor/metal
hybrids, S mL of preformed CdSe/CdS core/shell NCs in toluene
were mixed with 5 mL of 10 mMHAuCI, precursor solution in
toluene. The mixture was aged for 1 h. Additional reducing agent was
not necessary; DDA could reduce the gold ions in toluene sufficiently
at room temperature in the presence of semiconductor NCs.

Graphene (G) Synthesis. The single sheet of graphite oxide (GO)
was synthesized from natural graphite powder by exfoliation of GO
under ultrasonication in DMF according to the literature. The DMF
dispersion of GO (0.5 mg/mL) was heated to refluxing for 6 h and
cooled to room temperature to convert GO to G.

Synthesis of CdSe/CdS/Au-G Composite. Fifteen milligrams of
CdSe/CdS/Au HNCs dispersed in 10 mL of hexane was added into
10 mL of H,O solution of graphene (0.5 mg/mL) and the mixture was
stirred for 1 h. Ten milliliters of ethanol was then added and the
precipitate was separated from the solvents by centrifuging for 10 min
at 9500 rpm, the as-prepared CdSe/CdS/Au-G sample was washed by
ethanol three times for removing the surface ligands of CdSe/CdS/Au
and make the CdSe/CdS/Au direct contact with graphene nanosheets.
The CdSe/CdS/Au-G composites were dried under ambient
conditions for further use.

Characterizations. TEM, high resolution TEM (HRTEM),
corresponding TEM element mapping and energy-dispersive spec-
trometry (EDS) measurements were carried out by using a FEI
TECNAI F20 EM with an accelerating voltage of 200 kV equipped
with an energy dispersive spectrometer. XPS measurements were
performed with Thermo ESCALAB VG Scientific 250 and equipped
with monochromatized Al Ka excitation. The fluorescence intensity
(FL) spectra were recorded by a PerkinElmer LS-SS Luminescence
Spectrometer (PerkinElmer Instruments U.K.). UV—vis absorption
spectra were recorded by a UV 2100 Shimadzu spectrophotometer
using a 1 cm path length quartz cell at room temperature.
Photocurrents were measured using an electrochemical analyzer
(CHI832C Instruments) with a standard three-electrode system
using the prepared samples as the working electrodes with an active
area of ca. 1.44 cm?, a Pt wire as the counter electrode, and Ag/AgCl
(saturated KCI) as a reference electrode.

Photocatalytic Experiments. Typically, an aqueous solution of
the MB and RDB dyes (0.01 g/L, 10 mL) and the photocatalysts
(QD-G, QD-Au-G, QD/Au-G, S mg each) were placed in a 20 mL
cylindrical quartz vessel, and then the solution was first stirred 30 min
in the dark to achieve an adsorption and desorption equilibrium of
dyes on the catalyst surface. The photoreaction container was exposed
to the visible light irradiation by a 300 W xenon lamp and a cutoff filter
equipped as the light source (>420 nm), which was positioned 30 cm
away from the vessel. At 10 min intervals, the reacted solution was
analyzed by a UV—visible spectrophotometer (UV 2100, Shimadzu).
The degree of degradation was expressed by C/C,, which is the ratio
of the temporal dyes concentration to the initial dyes concentration
after absorption equilibrium in the dark. In the durability test of QD/
Au-G catalyst in the photodegradation of MB under visible light, four
consecutive cycles were tested. At the beginning, 5 mg of QD/Au-G
was dispersed in 10 mL of MB solution (0.01g/mL). Then the mixture
underwent four consecutive cycles, each lasting for 60 min. After each
cycle, the catalyst was filtrated and washed thoroughly with water, and
then fresh MB solution (0.01g/mL) was added to the catalyst.

The photocatalytic water splitting experiments were operated in a
100 mL cylindrical quartz flask, the openings of which were sealed with
a silicone rubber septum and Quartz glass cover, at ambient
temperature and atmospheric pressure. A 300 W xenon arc lamp
with a UV-cutoff filter (>420 nm) was used as a visible light source to
carry out the photocatalytic reaction and was positioned 20 cm away
from the reactor. In a typical experiment, 50 mg of the as-prepared
QD/Au-G photocatalyst was dispersed with constant stirring in 50 mL
solution water containing 0.35 M Na,S and 0.25 M Na,SO; as holes
scavenger. Before beginning the photocatalytic reaction, the system
was then pumped down at room temperature with a mechanical pump
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Figure 1. Preparation and photocatalytic mechanisms of the semiconductor/metal core—satellite HNC. (a) Schematic illustration of the preparation
of CdSe/CdS-Au (QD/Au) core—satellite HNCs and their assembly on reduced graphene nanosheets. (b) The charge separation and transfer

process of the QD/Au HNC:s by the localized SPR effect.
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Figure 2. TEM and optical properties of the CdSe/CdS-Au core—satellite HNCs. The TEM images of (a) original CdSe/CdS core/shell and (b, c)
as-prepared CdSe/CdS-Au HNCs, (d) HRTEM image of the CdSe/CdS-Au HNCs. The UV—vis (black), PL (red) spectra, and dark-field scattering
images (inset) of the (e) CdSe/CdS QDs, and (f) CdSe/CdS-Au HNCs. (g) STEM images and mapping analysis of the CdSe/CdS-Au HNCs.

for 30 min to remove the dissolved oxygen. During the whole
reduction process, agitation of the solution ensured uniform irradiation
of the QD/Au-G suspension. A 0.4 mL sample of the generated gas
was collected intermittently through the septum, and hydrogen
content was analyzed by gas chromatograph (GC-2014C, Shimadzu,
Japan, TCD, argon as a carrier gas and S A molecular sieve column).
All glassware was rigorously cleaned and carefully rinsed with distilled
water prior to use.

The apparent quantum efficiency (QE) was measured under the
same photocatalytic reaction condition. A 300 W xenon arc lamp with
a UV-band-pass filter (450 nm) were used as light sources to trigger
the photocatalytic reaction, and the intensity and number of photons
of the light source at 450 nm were measured by UV—visible
spectrophotometry. Typically, 50 mL (0.01M) K;Fe(C,0,);.3H,0
solution (V) were placed in cylindrical quartz flask under stirring, and
then the solution were irradiated 20s using 450 nm light, 5 mL samples
(V,) were taken and added into a 50 mL brown volumetric flask; 10
mL of (0.01M)1,10-Phenanthroline monohydrate solution and 10 mL
of acetic acid-sodium acetate buffer solution (pH 4.6) were then
added, diluted to SO0 mL (V,), and placed flask in the dark for 30
min.Three parallel samples of each were taken for measuring, and then

the absorbance was measured at S10 nm (4,). The QE was finally
calculated according to Eq2.

QE = 2nN/n'St )

where n is the amount of hydrogen generated in t time (mol); N,
Avogadro’s constant; n’, the number of light source emitted photon in
per unit area and per unit time (s™' m™2); and S, the area of light
source emitted reaction liquid (m?).

' = (A, — A VVN/elV®p 3)

where A, is the absorbance of zero irradiation time; &, the molar
extinction coefficient of Fe2*; I, the thickness of the cuvette; ¢ is the
irradiation time of the light source, ®g.* = 1.11 (4 = 450 nm).

3. RESULTS AND DISCUSSION

Figure 1la briefly illustrates the preparation of CdSe/CdS-Au
(QD/Au) core—satellite HNCs and their assembly on GNS.
The CdSe/CdS core/shell NCs were synthesized by previously
reported SILAR technique.*’ We chose CdSe/CdS core/shell
NCs rather than CdSe or CdS NCs as the visible-light HNC
photocatalyst’s semiconductor component because of their
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Figure 3. TEM, photocurrent responses, and carrier transfer process of the composite QD/Au-G photocatalyst. (a—c) The TEM images of the QD/
Au HNC-G, QD-G, and QD-Au-G, respectively.(d) The photocurrent response of the QD-G (black), QD/Au HNC-G (red), and QD-Au-G
(green), respectively, under visible light using NaNO; (0.1M) as electrolyte solution. (e) The photocurrent response of the QD-G (black), QD/Au
HNC-G (red), and QD-Au-G (green), respectively, under visible light using Na,S (0.1 M) and Na,SO; (0.02 M) as electrolyte solution. (f, g)
Photoinduced transfer processes of carriers in the QD/Au HNC-G Composites using different electrolyte solution: (f) NaNO; (0.1 M), non hole

scavenger; (g) Na,S (0.1 M) + Na,SO; (0.02 M), hole scavenger.

higher photocorrosion resistance and better photostability;*>**

meanwhile, the outer CdS-shell can effectively passivate the
surface-deep traps of CdSe NCs, which maintains the
photogenerated electrons at a sufficient reduction potential to
reduce water.”® More importantly, the core/shell configuration
is thought to help sequester high-energy electrons to facilitate
H, photogeneration because the photoexcited electrons must
tunnel through the CdS-shell and initiate redox chemistry on
the surface, which does not adversely hinder photoactivity
because the redox time scale is significantly longer than the
tunneling time scale.”® Small satellite Au NPs were prepared by
Au deposition on the surface of CdSe/CdS NCs by aging the
mixture of QDs and Au(3+)-dodecylamine (DDA) precursor in
toluene for 1 h. Extra reducing agent was not necessary in the
reaction system since DDA could reduce Au®* sufficiently in the
presence of S-NCs.>* It is impossible to prepare QD/Au core/
shell nanocrystals by our experiment method, although we
increase the amount of Au precursor during the preparation,
the as-prepared nanoparticles are still core—satellite hetero-
nanocrystals but not QD/Au core/shell structure. The
complexation of QD/Au HNCs with graphene (prepared by
dimethylformamide (DMF) reduction of graphene oxide at
~150 °C,* and confirmed by XPS characterization (see Figure
S1 in the Supporting Information) can be completed by mixing
QD/Au in hexane with the aqueous graphene solution.® Figure
1b depicts the localized surface plasmon resonance (LSPR)
effect on charge separation and transfer process of QD/Au
HNCs. Under visible-light irradiation, the satellite Au NPs form
a localized electromagnetic energy close to the surfaces of the

QD, in which the plasmon-exciton interaction allows for the
selective formation of electron/hole (e”/h*) pairs in the near-
surface region of the semiconductor.”>?*® During the process,
electrons are excited from the valence band (VB) to the
conduction band (CB) of the QD and then transfer to Au NPs,
the Au NPs as electron buffer store electrons, which leads to
the Fermi level of the HNC shifting close to the CB of the QD;
meanwhile, the holes are left on the surface of QD.*All of these
will benefit potential photocatalytic applications.

Figure 2a shows typical TEM image of the monodispersed
organic CdSe/CdS NCs used, with diameter of ~9.2 nm and
organized in 2D superlattices. TEM images of the as-prepared
QD/Au HNCs (Figure 2b, c) show that the small Au NPs with
average diameter of ~2 nm are uniformly deposited on the
surface of QD to form a core—satellite nanostructure. Because
of strong contrast, it is clearly seen that each QD particle is
decorated by ~6—12 small Au NPs. Similarly, the as-prepared
uniform organic QD/Au HNCs formed spontaneously well-
ordered 2D superlattices. HRTEM image of a single QD/Au
HNC (Figure 2d) reveals a high crystallinity with continuous
lattice fringes throughout the whole particle. We can clearly
observe the CdS (002) lattice of the QD in the center and the
Au (111) lattice in the edges simultaneously by adjusting
imaging conditions. The elemental mapping (Figure 2g) and
energy-dispersive X-ray (see Figure S2 in the Supporting
Information) analyses further confirmed the chemical nature of
the HNCs.

Next, we thoroughly characterized the optical properties of
the QDs before and after Au deposition to study the effect of

dx.doi.org/10.1021/am505371g | ACS Appl. Mater. Interfaces 2014, 6, 19905—19913



ACS Applied Materials & Interfaces

Research Article

a 1.0{4—v—v—y—y—y—y
—a— QDG
0.8 —A—QD-Au-G
- —o— QD/AU-G
o A —w— No photocatalyst
——
8 0.6 Aa
0.4
0.2
0 20 40 60
C Time (min)
14000
— J —o0—QD g
12000{ —0T%® /‘
> 10000] —:—-apnu
S 8000] ——aoa / T
1 —<—apAue
g 6000 i —abmuc /
3 4000] /éﬁ
o 2000/ 4/”
T 0 X —o—
o 1 2 3 4
Time (h)

t, 1.0

0.8
506
04
0.2
0.0

cic

0 10 20 30 40 50 60
Time (min)

mm NPs
I NPs-G

¢

Hz evolution rate (ummol.h*1.g*1)

QD QD-Au QD/Au

Figure 4. Photocatalytic applications of the composite QD/Au-G photocatalyst. (a, b) Photodegradation of methylene blue (2.7 X 107> M,10 mL)
and rhodamine B (0.01 g/mL) under visible light (>420 nm) over QD/Au-G, QD-G, and QD-Au-G photocatalysts (3 mg), respectively. (c)
Comparison of the visible-light photocatalytic activity of the samples QD/Au, QD, QD-Au, and their graphene composites (QD/Au-G, QD-G, QD-
Au-G) for the H, production using an aqueous solution containing 0.35 M Na,$ and 0.25 M Na,SO; as a sacrificial reagent, a 300 W xenon arc lamp
was used as the light source. (d) H, production rate of the QD/Au, QD, and QD-Au and their graphene composites (QD/Au-G, QD-G, QD-Au-G).

Au NP growth on the QD’s optical properties. As shown in
Figure 2e, the CdSe/CdS QDs absorbed over a broad spectrum
with increasing molar extinction coefficient toward shorter
wavelengths and a first quantum confinement peak of 620 nm,
almost cover the entire ultraviolet—visible light region, which
means we can use most of the solar radiation energy for
photocatalytic reaction. The QDs have good photolumines-
cence (PL) properties and their emission peak centered at 639
nm. The quantum yield (QY) of the QDs was calculated to be
~70%, which is high and attributed to the passivation of
surface-deep traps via the outer CdS-shell. After satellite Au
NPs formation, the optical spectra of the resultant QD/Au
HNCs showed distinct change. As shown in Figure 2f, although
absorption spectra of the QD/Au HNCs (solid line) showed
similar profile as the QDs, the absorption intensity increased
greatly than that of the QDs of same concentration (dotted
line), with a pronounced raised absorption tail toward longer
wavelengths. This is a strong reflection of spectral overlapping
of the QDs and the decorated Au NPs; the otherwise weak
LSPR peaks of the small Au NPs (~2 nm) centered at ~508
nm and ~600—700 nm due to collective resonance of closely
packed satellite Au NPs, was buried by the strong QD
absorption in this region. But the pronounced dark-field
scattering imaging of the green-yellow colored QD/Au HNCs
(as shown in the inset of Figure 2f), and FDTD simulation
calculation (see Figure S3 in the Supporting Information)
proved plasmonic nature of the resultant QD/Au HNCs, which
can increase the visible light absorption and will benefit for
photocatalytic applications. Differing from our previously
reported polymer-gaped QD/Au core/shell NPs with signifi-
cantly maintained PL,*® a strong quenching of the QD PL was
observed and as expected, after the direct Au deposition on
QD’s surface to form QD/Au HNCs (red line in Figure 2f).
The quenching is expected via a nonradiative pathway created
by the proximity of Au, leading to electron transfer from the
QD to Au." This is highly desirable for photocatalytic purpose
that involves electron transfer process. Control experiments by

19909

simply mixing discrete core QDs and Au NPs of similar size did
not reproduce the observed absorption and the PL of QD
almost remained (see Figure S4 in the Supporting Informa-
tion). We therefore conclude that the observed spectra are not
a simple sum of both components, but a reflection of plasmon-
exciton interaction of the QD/Au core—satellite HNC system.

To investigate photocatalytic activities and mechanisms of
the semiconductor/metal nanosystem, we assembled the as-
prepared QD/Au core—satellite HNCs onto GNS to form a
well-dispersed and monolayered QD/Au-G nanocomposite
(Figure 3a,the typical sizes of the QD/Au-G sample range from
S00 nm to 2 um) and its photocurrent responses were
measured first. For comparison, the precursor QDs, and an
equivalent mixture of Au NPs (~2 nm, see Figure SS in the
Supporting Information) and QD (denoted as QD-Au) were
also assembled on the G surface with similar monolayer particle
density (Figure 3b, c) for measurements. In the experiments,
the transient photocurrent responses of the QD-G, QD-Au-G,
and QD/Au-G electrodes were recorded respectively for several
on—off cycles of solar irradiation, using NaNO; (0.1M)
solution or mixed solution of Na,S (0.1 M) and Na,SO,
(0.02 M) as electrolyte solution to study the transfer process of
photogenerated electron and hole in the HNCs. As shown in
Figure 3d, e, using either NaNO; (0.1 M) or Na,S (0.1
M)+Na,SO; (0.02 M) as electrolyte solution, an apparently
boosted anodic photocurrent response appears for control QD-
G (black line) and QD-Au-G (green line) samples under solar
illumination, and the on—off cycles of the photocurrent are
reproducible. Because the discrete QDs and AuNPs in control
QD-Au-G sample are randomly arranged, the QD-Au-G sample
exhibits even lower transient photocurrent than QD-G sample.
The response indicates that most of photogenerated electrons
transport to the back contact across the sample to produce
photocurrent under solar irradiation.***’

The QD/Au-G samples, however, display completely
different photocurrent responses when using the aforemen-
tioned two different electrolyte solutions. An apparently
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boosted cathode photocurrent response was observed when
using non-hole scavenger NaNO; (0.1M) as electrolyte
solution (Figure 3d), whereas an apparently boosted anodic
photocurrent response (higher than that of QD-G and QD-Au-
G samples) appears when using hole scavenger (Na,S (0.1 M)
+ Na,SO; (0.02 M)) as electrolyte solution (Figure 3e).The
different photocurrent responses illustrate that the electric and
hole transfer process (or mechanism) of the QD/Au-G system
are different, depending on electrolyte solution used. Therefore,
we tentatively propose a carrier migration mechanism of the
QD/Au-G sample under different conditions, as illustrated in
Figure 3f, g. Under visible-light irradiation, electrons (e—) are
excited from the VB to the CB of the core QD; meanwhile, the
satellite Au NPs can form strong and localized plasmonic near-
field to enhance solar absorption and to increase the electron—
hole pair generation rate at the surface of semiconduc-
tor,>2”*'"™® and then transfer electrons into satellite Au
NPs, which behaving as electron buffer to store electrons,
rendering the Fermi level of the composite shifts close to the
CB of the semiconductor.’” Whenin the absence of hole
scavenger (Figure 3f), the holes will preferentially transfer to
the electrode and lead to cathode photocurrent response as
shown in Figure 3d. But when introducing hole scavenger, the
photogenerated holes will be consumed by hole scavenger and
the electrons preferentially transfer to electrode as shown in
Figure 3g, leading to anodic photocurrent response (Figure 3e).
For comparison, the photocurrent responses of the graphene-
free QD, QD-Au, and QD/Au NPs using NaNO; (0.1M) as
electrolyte solution were also measured (see Figure S6 in the
Supporting Information). They all show anodic photocurrent
response, and the QD/Au sample also has a highest
photocurrent response compared with QD and QD-Au
samples, but all lower than their graphene composites, which
illustrates that graphene can further enhance the photocatalytic
activity of the HNCs. The photocurrent responses showed also
a better photocatalytic activity of the QD/Au photocatalyst.
We further explore the QD/Au-G composite for visible-light
photocatalytic applications. First, the methylene blue (MB) and
Rhodamine B (RDB) photodegradation experiments were
carried out using QD/Au-G as phtotocatalysts and QD-G and
QD-Au-G with same concentration (in terms of QD particle
numbers) as reference catalysts, under visible light (1 >420
nm). In the measurement, the normalized temporal concen-
tration changes (C/C,) of MB and RDB during the
photodegradation process were proportional to the normalized
maximum absorbance (A/A,) and derived from the changes in
the dye’s absorption profile (1 = 660 nm for MB and 550 nm
for RDB) at a given time interval. As clearly seen from Figure
4a, b, the QD/Au-G composite showed significant progress in
the photodegradation of MB and RDB compared to the
reference catalysts of QD-G and QD-Au-G composites. As
shown in Figure 4a, after 1 h of continuous irradiation with
visible-light, ~50% and ~65% of the initial MB were
decomposed by the reference QD-Au-G and QD-G catalysts,
respectively. Contrastingly, the QD/Au-G HNC catalyst
exhibited impressive photodegradation capability, ~80% of
the initial MB were decomposed after 1h of continuous
irradiation. For photodegradation of RDB (Figure 4b), after 1h
of continuous irradiation with visible light, ~80% and ~95% of
the initial RDB were decomposed by the reference QD-Au-G
and QD-G catalysts, respectively. More impressively, the QD/
Au-G HNC catalyst exhibited superb photodegradation
capability, almost 100% of the initial RDB were decomposed

after 30 min of continuous irradiation. Both of the two dyes
cannot be decomposed under visible light illumination in the
absence of photocatalytsts. The dye photodegradation experi-
ments proved clearly the plasmon effect and enhancement on
photocatalytic activities of the QD/Au-G HNC catalysts. The
durability of the QD/Au-G catalysts for the degradation of MB
under visible light was also checked (see Figure S9a in the
Supporting Information). The photodegradation of MB was
monitored for four consecutive cycles, each for 1 h. There was
no significant decrease in photodegradation rate during the four
consecutive cycles, indicating good stability of the as-prepared
QD/Au-G photocatalysts. The photodegradation rate of MB
was about 2 times fast compared with that currently reported
using TiO,-G (P25-G) composite as high-performance photo-
catalyst.**

Except for excellent performance for dye photodegradation,
the as-prepared QD/Au HNC and its graphene composite
(QD/Au-G) exhibits also highly efficient performance in
photocatalytic H, production from water containing 0.35 M
Na,S and 0.25 M Na,SO;. As shown in Figure 4c, d, the QD,
QD-Au, and QD/Au NPs can all continue to produce H, from
water at a constant rate for 4 h, and the rate of H, evolution are
898, 442, and 1307 umol h™" g~', respectively. The QD/Au
HNCs obviously have a better photocatalytic activity than the
QD NPs and QD-Au NPs. And we found experimentally that
the size of satellite Au NPs have a great impact on the
photocatalytic activity of the QD/Au HNCs. As shown in
Figure S7 in the Supporting Information, the nonplasmonic
QD/Au HNCs with smaller size (<2 nm) Au NPs (denoted as
QD/Aul), due to lack of (or very weak) plasmonic property as
confirmed by undetectable dark-field scattering image, showed
moderate enhancement in photocatalytic activity for H,
generation (as compared with Au-free QDs) because of
improved charge separation and the favorable accumulation
of electrons on small Au NPs of the QD/Au systems, whereas
the typically prepared plasmonic QD/Au HNCs (~2 nm Au
NPs, denoted as QD/Au2 herein) displayed significantly
improved photocatalytic performance in H, production because
of additional plasmonic effect and enhancement. After
combining QD/Au HNCs with graphene, the photocatalytic
activity was further enhanced because of the unique features of
graphene.14 Although the three samples (QD-G, QD-Au-G,
and QD/Au-G) with similar monolayer particle density on G
can all continue to produce H, from water at a constant rate for
4 h, the QD-G composites show good photocatalytic H,
production activity, but the rate of H, evolution is low (2028
umol h™' g7'), whereas the QD-Au-G sample show lower
photocatalytic H,-production activity compared with the QD-G
sample, with the rate of H, evolution of ~915 umol h™"' g7/,
which may be a reflection of invalid or even counterproductive
plasmon-exciton interactions of the system for H,production
since the discrete QDs and Au NPs (~2 nm) in this
construction are indirectly contacted and randomly arranged.
Very impressively, the photocatalytic H, production activity of
the QD/Au-G sample is markedly enhanced, with the rate of
H, evolution achieving a maximum of 3113 umol h™"' g7,
which is about 155% enhancement compared to nonplasmonic
QD-G sample and 340% enhancement compared to control
QD-Au-G sample, and the corresponding QE of QD/Au-G
catalyst is about 25.4% at 450 nm, which is also higher than
most of the graphene-based photocatalysts.'*'*

In our photocatalytic system, the introduction of graphene
enhances further H,generation activity of the QD system,
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which is mainly due to three reasons:*'®*° First, the as-

prepared nanocrystals-graphene complexes have good water
dispersity because graphene can easily disperse in water,>> and
most of hydrophobic ligands of nanocrystals can be removed by
washed them with ethanol, and replaced by $>~ from hole
scanvenger because S*” ions have stronger bonding with
nanocrystals.*® This is confirmed by the corresponding FT-IR
spectra shown in Figure S, in which both the asymmetric
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Figure 5. FT-IR spectra of oleic acid stabled CdSe/CdS nanocrystals
after purification (black), graphene (red), the CdSe/CdS-graphene
complexes washed with ethanol three times (green), the CdSe/CdS-
graphene complexes dissolved in Na,S/Na,SOsfor 1 h and washed
with water (blue).

vibration band of the-COO~ (1550 cm™) and stretching
vibration of C—H (3000—2800 cm™) are noticeably decreased
during the processes. As a result, the nanocrystals can directly
contact with graphene and the resulting nanocrystal—graphene
complexes show good water dispersity, leading to an enhance-
ment of photocatalytic activity as shown in Figure S8 in the
Supporting Information. Second, the graphene can serve as an
acceptor of the photogenerated electrons from semiconductor
nanocrystals and effectively suppress the recombination of the
photoexcited electron and hole pairs, leaving more carriers to
form reactive sites."*** Third, compared to pure nanocrystals,
the graphene has larger specific surface area, offers more active
adsorption sites and photocatalytic reaction centers, which can
also enhance the photocatalytic activity.'***

The graphene content of QD/Au-G composites have a
significant effect on the photocatalytic activity of catalyst, as
shown in Figure 6. We found that 1% graphene have a best H,
production results, too much graphene content led to a
decrease of the photocatalytic performance. This is reasonable
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Figure 6. Comparison of the visible-light photocatalytic activity of
samples QD-G, QD-Au-G, QD/Au-G for theH, production with
different graphene content (0, 0.5, 1, 2, and 4%) using 0.35 M Na,$
and 0.25 M Na,SO; aqueous solution as a sacrificial reagent.

because excessive amount of graphene can shield the incident
light, which decrease the amount of photogenerated electrons,
meanwhile, graphene can cover the active sites of catalyst
surface and hinder catalyst contact with hole scavenger.'**
More importantly, the QD/Au-G photocatalysts display good
photostability (see Figure S9b in the Supporting Information).
Both the dye photodegradation and photocatalytic H,
production results proved that the satellite Au NPs of the
QD/Au HNCs have a synergistic effect and strong plasmonic
enhancement on their photocatalytic activities, making the as-
prepared semiconductor/metal HNCs very promising for
potential photocatalytic applications.

4. CONCLUSION

In summary, we have developed a semiconductor/metal HNC
photocatalyst consisting of CdSe/CdS-Au core—satellite HNCs
for visible-light dye photodegradation and H, production from
water. The as-synthesized photocatalyst exhibits excellent
plasmon-enhanced photocatalytic activities toward both photo-
degradation of organic dye and visible-light H, generation from
water. The rate of H, evolution achieves a maximum of 3113
pmol h™" ¢!, which is about 155% enhancement compare to
nonplasmonic QD-G sample and 340% enhancement compare
to control QD-Au-G sample, and its QE is about 25.4%. The
enhanced photocatalytic activity rise from the special exciton—
plasmon interactions of the semiconductor/metal HNCs. The
small satellite Au NPs directly contacted on the surface of
CdSe/CdS NCs form a strong and localized electromagnetic
energy close to the particle’s surfaces, which enhances solar
absorption and increases the electron—hole pair generation rate
at the surface of the semiconductor QDs. Moreover, combining
the HNC photocatalyst with GNS further enhances the
photocatalytic activities because GNS possesses an excellent
electron transport property and an extremely high specific
surface area. This system may provide a good platform for
further nanoengineering of this new class of semiconductor/
metal HNC system (with size/morphology control, band gap
and composition engineering of the semiconductor/metal
components) for optimal plasmon-enhanced photocatalytic
applications.
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