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ABSTRACT

Design and synthesis of efficient photocatalysts for hydrogen production via water
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Accepted: 23 November 2016 splitting are of great importance from both theoretical and practical viewpoints.

Many metal-based semiconductors have been explored for this purpose in

© Tsinghua University Press recent decades. Here, for the first time, an entirely carbon-based material,

and Springer-Verlag Berlin bulk three-dimensionally cross-linked graphene (3DG), has been developed as

e elbera 2016 a photocatalyst for hydrogen production. It exhibits a remarkable hydrogen

production rate of 270 umol'h™g . under full-spectrum light via a hot/free
KEYWORDS electron emission mechanism. Furthermore, when combined with the widely
graphene, used semiconductor TiO, to form a TiO,/3DG composite, it appears to become a

hot electron, more efficient hydrogen production photocatalyst. The composite achieves a

production rate of 1,205 umol'h™-g_ under ultraviolet-visible (UV-vis) light
and a 7.2% apparent quantum efficiency at 350 nm due to the strong synergetic
effects between TiO, and 3DG.

hydrogen production,
water splitting,
TiO,

1 Introduction

Hydrogen is one of the most important materials in
the chemical industry and a strategically appealing
energy source [1]. Hydrogen is produced in large
quantities. More than 50 million tons are available
from fossil fuel feedstocks worldwide every year [2].
Hydrogen is expensive and both consumes non-

renewable resources and generates tremendous CO,
emissions. Thus, great efforts have been devoted to
exploring an economical and environmentally friendly
process for hydrogen production. Since the pioneering
study of photoelectrochemical water splitting on a
TiO, electrode by Fujishima and Honda in the 1970s
[3], solar hydrogen generation through photocatalytic
water splitting has been considered a promising
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solution due to its energetic and environmental
advantages. It therefore receives considerable attention
[4-7]. Over the past 40 years, many metal-based
semiconductor photocatalysts [8, 9], including metal
oxides [10, 11], metal sulfides [12] or selenides [13],
metal oxynitrides [14], and perovskite oxide [15], have
been investigated for photocatalytic water splitting
processes. The most rare and expensive metals are
employed frequently in efficient semiconductor systems.
Thus, alternative photocatalysts that use abundant,
environmentally friendly materials for efficient
hydrogen production are in high demand. With this
in mind, carbon-based materials, e.g., graphitic carbon
nitride [16-19] and carbon nanotubes [20, 21], have
recently been investigated as metal-free semiconductor
photocatalysts for water splitting.

Graphene, a typical and unique 2D carbon nano-
material, has been explored as an important component
of, or precursor to semiconductor photocatalysts for
hydrogen evolution via water splitting. Graphene
oxide (GO) [22], heteroatom-doped graphene [23-25]
and graphene-based composite photocatalysts [26-30]
are reported to be promising materials for semicon-
ductor photocatalysis. When GO or heteroatom-doped
graphene is used as a semiconductor photocatalyst,
a semiconductor band gap is created by tuning
the electronic properties and modifying the density
of states of graphene through the introduction of
vacancies or heteroatoms [31]. In graphene-based
composite photocatalysts, graphene is used as a support
or matrix material for metal-based semiconductor
nanoparticles in order to enhance the transfer and
separation of photogenerated electrons and holes.
Graphene is a zero-bandgap semiconductor with an
infinite sp*> domain due to contact between 7 and
anti-bonding 7t (7t*) orbitals at Brillouin zone corners
and thus full spectrum absorption [32]. However, single
sheets of graphene have not been used for photo-
catalytic hydrogen production thus far. Recently, it
has been disclosed that graphene can achieve a unique
reverse saturation state with a high density (~10" cm?)
[33] of hot electrons well above the Fermi level when
under illumination with light, and that these hot
electrons can even be ejected via an Auger-like
mechanism [34, 35] due to the unique Dirac band
structure which causes the conventional relaxation of

the excited electrons to be bottlenecked [36-38]. These
highly energetic hot or ejected free electrons can be
used as powerful, clean reducing agents to drive redox
reactions such as atmospheric ammonia synthesis
[39] and other reactions which fail via conventional
methods or require harsh conditions [40-42].

In this work, for the first time, we report that a
carbon-only bulk three dimensionally cross-linked
graphene (3DG) material can be used as a robust
catalyst for photocatalytic hydrogen production via
water splitting under ultraviolet—visible (UV-vis)
light using a hot electron mechanism. Furthermore,
dramatically enhanced hydrogen production catalytic
activity is achieved when 3DG is loaded with TiO,
nanoparticles, due to the synergetic effects between
TiO, and 3DG.

2 Experimental
2.1 Materials synthesis

All chemicals used in this study were of analytical
grade and used directly without further purification.
Distilled water was used in all experiments. The
starting material, GO, was synthesized via oxidation
of natural graphite powder using a modified Hummers’
method according to references published elsewhere
[43]. 3DG was prepared via our previous procedures
[34, 35]. Typically, 15 mL of GO ethanol solution
(0.6 mg-mL™) was sealed in a 25 mL Teflon-lined
autoclave, heated to 180 °C and maintained at this
temperature for 12 h. The autoclave was then naturally
cooled to room temperature and the as-prepared
ethanol-filled intermediate product was carefully
removed for a slow solvent exchange with water.
After the solvent exchange process was completed,
the water-filled product was first freeze-dried and
then dried in a vacuum oven at 120 °C for 12 h. The
solid sample was annealed in Ar at 250, 450, 650, and
850 °C for 2 h to obtain the final graphene materials,
denoted as 3DG-250, 3DG-450, 3DG-650, and 3DG-850,
respectively. For comparison, an un-annealed 3DG
sample was prepared using the same experimental
procedures and was labeled as 3DG-un. Several 3DG
composites loaded with different quantities of TiO,
nanoparticles, denoted as TiO,/3DG, were synthesized
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through a process similar to the one described above.
Titanium tetraisopropoxide (TTIP, =98%, Sigma-
Aldrich) was used as the TiO, precursor in the GO
dispersion. In a typical process, 1.5 mmol of TTIP
was dissolved in ethanol and was added dropwise
under magnetic stirring to a suspension containing
the desired amounts of graphene, water, and ethanol.
After stirring for another 2 h, the solution was treated
using the procedures applied to 3DG. The solid
product was then annealed in Ar at 450 °C for 2 h. The
intended composite graphene concentrations were
3wt.%, 4 wt.%, 5 wt.%, 6 wt.%, 7 wt.%, and 8 wt.%,
and the corresponding final products were labeled as
TiO,/3DG-x, where x was 3, 4, 5, 6, 7, or 8, respectively.
The exact graphene contents of the composites were
measured via thermogravimetric analysis (TGA) and
the results are shown in Fig.S1 in the Electronic
Supplementary Material (ESM). For comparison, bare
TiO, nanoparticles were also synthesized using the
same solvothermal process, but with only titanium
tetraisopropoxide as the precursor, which was then
annealed at 450 °C in Ar. As a reference catalyst,
reduced graphene oxide (rGO) was prepared using
the same solvothermal process as 3DG, while the
solvothermal product was dispersed in ethanol via
magnetic stirring, then filtered and thoroughly washed
several times with ethanol and acetone. Finally, the
collected sample was dried in a vacuum oven at 120 °C
for 12 h and annealed in Ar at 450 °C for 2 h.

2.2 Characterization

Powder X-ray diffraction (XRD) patterns were measured
on a Rigaku D/Max-2500 diffractometer with Cu Ka
radiation. Raman spectra were recorded at room
temperature using a Renishaw InVia Raman spec-
trometer with laser excitation at 514.5 nm. UV-vis
absorption spectra were investigated in diffuse reflection
mode using a spectrometer (Varian Cary 300) equipped
with an integrated sphere attachment and with BaSO,
as a reference. TGA was performed on a TA SDT
Q600 analyzer in air at a heating rate of 10 °C-min™.
Scanning electron microscopy (SEM) images were
obtained on a FEI NanoSem 430 field emission
scanning electron microscope using an accelerating
voltage of 20 kV. High resolution transmission electron

microscopy (HR-TEM) was conducted in a FEI Tecnai
G? F20 electron microscope using an acceleration
voltage of 200 kV. Nitrogen adsorption/desorption
analysis was performed at 77 K on a Quantachrome
iQ-MP gas adsorption analyzer. The specific surface
area was determined using the Brunauer-Emmett-
Teller (BET) method and the pore size distribution was
analyzed by applying a nonlocal density functional
theory method with a slit pore model to the nitrogen
adsorption data. For electrochemical impedance spec-
troscopy (EIS) measurements, the 3DG or TiO,/3DG
powders were fixed to the film electrodes via the
following method: The powders and Nafion/ethanol
were homogeneously mixed and then spread on the
conducting fluorine-doped 5SnO, glass substrate (FTO).
Finally, films with thicknesses of ~2 um and 0.5 cm?
active areas were calcinated at 450 °C for 2 h in Ar.
The EIS measurements were carried out on a P4000
electrochemical workstation (Princeton, USA) using
a three-electrode system in an alternating current
frequency range of 10kHz to 0.01Hz, in a 0.5M
Na,SO, solution. The resulting electrode served as the
working electrode. Platinum and saturated calomel
electrodes (SCE) were used as the counter and reference
electrodes, respectively.

2.3 Photocatalytic measurement

Photocatalytic hydrogen evolution reactions were
performed at ambient temperature (25°C) in a top-
irradiation vessel connected to a glass-enclosed gas
circulation system (Labsolar-H,, Beijing Perfectlight
Technology Co., Ltd.). A200 W Xenon arc lamp (PLS-
SXE) equipped with a filter (320-780 nm wavelength
range) served as a light source with a fixed distance
of 10 cm. The average intensity of irradiation was
~160 mW-cm™ as measured by the radiometers (UV-A
320-400 nm and FZ-A 400-1,000 nm, Photoelectric
Instrument Factory of Beijing Normal University). In a
typical photocatalytic experiment, 60 mg of TiO,/3DG
(or 10 mg of 3DG) photocatalyst was dispersed in
100 mL of water containing 10% methanol by volume.
Prior to irradiation, the system was evacuated for
30 min to remove dissolved oxygen. During the
photocatalytic reaction, the solution was maintained
under continuous magnetic stirring. The amount of
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H, evolved was determined using a gas chromatograph
with a thermal conductivity detector (CP-3800, Varian,
nitrogen as a carrier gas and 5 A molecular sieve
column). The photocatalytic activity was measured
under various intensities of light by positioning the
lamp 20 cm away from the reactor and adjusting the
working current (13, 15,16, or 18 A) of the lamp.
The intensities of light on the 3DG-650 or TiO,/3DG-5
catalysts were 13, 24, 38, and 54 mW-cm?, respectively.
The apparent quantum efficiency (QE) was measured
under the same photocatalytic reaction conditions,
but using monochromatic 350 nm UV light. The lamp
was positioned 10 cm away from the reactor and the
intensity of light on the reactor was ~3.2 mW-cm™
over an area of 7.1 cm?. The QE was calculated using
the following Eq. (1)
Number of reacted electrons

QE(%) = — x100
Number of incident photons

_ Number of evolved H, moleculesx2 <100

Number of incident photons

M

3 Results and discussion
3.1 Structure and properties of 3DG and TiO,/3DG

The structures of as-synthesized bare TiO,, 3DG-450,
and TiO,/3DG-5 composites were analyzed. As shown
in the X-ray diffraction results in Fig. 1(a), clear and
characteristic diffraction peaks for anatase TiO, (JCPDS
card No. 21-1272; space group I4,/amd; a,= 3.7852 A,
co=9.5139 A) are observed at about 25.3°, 37.8°, 48.0°,
53.9°, 55.1°, and 62.7°, indexed to the (101), (004), (200),
(105), (211), and (204) crystal planes, respectively. In
the 3DG-450 sample, the broad diffraction peak from
15° to 30° corresponds to the (002) peak of graphene
[44], and its broad nature indicates poor ordering of
the sheets along the stacking direction [45]. While
most of the characteristic diffraction peaks of TiO,
are observed in the composite catalyst TiO,/3DG-5,
no clear peaks from graphene are observed due to
both the lower packing order of graphene sheets and
their lower concentration compared to that of TiO, in
the composite [46]. However, the presence of graphene
can be clearly elucidated by Raman analysis (Fig. 1(b)).

Peaks at about 1,350 and 1,597 cm™, which correspond
to the D and G bands of graphene, are clearly present
in both the 3DG-450 and TiO,/3DG-5 catalysts.
Furthermore, peaks at 145,397,515, and 637 cm™,
which arise from anatase phase TiO, were also clearly
observed in both TiO, and TiO,/3DG-5, consistent
with the XRD analysis results. The optical absorption
spectra of 3DG-450, bare TiO,, and TiO,/3DG-5 are
shown in Fig. 1(c). Without an absorption edge in its
absorbance spectrum, 3DG-450 exhibits the character
of a zero bandgap semiconductor, which is similar to
an individual graphene sheet. It exhibits absorption
across the full solar spectrum as expected. While TiO,
and TiO,/3DG-5 show obvious absorption edges at
390 and 480 nm, respectively. TiO,/3DG-5 exhibits a
red-shift (~90 nm) relative to bare TiO, due to the
interaction between TiO, and 3DG [47]. This corres-
ponds to a bandgap reduction from 3.2 to 2.7 eV, as
revealed by the plots of the Kubelka—-Munk remission
function in the inset of Fig. 1(c).

The morphologies of 3DG-450 and the TiO,/3DG-5
composite are illustrated in Fig. 2. In Fig. 2(a), the bulk
3D graphene material is assembled with cross-linked
individual graphene sheets, similar to our previous
reports [34, 35]. With its unique structure and
morphology, the 3DG material can be treated as a
monolithic, cross-linked polymer but with 2D graphene
sheets as a monomer which is cross-linked primarily
at the edge, and with large void spaces between the
individual sheets. This unique structure causes the
3DG material to retain the nature of individual
graphene sheets and thus exhibit the unique,
remarkable mechanical and (opto)electronic properties
of graphene in the bulk state [34, 35]. The morphology
of the TiO,/3DG-5 composite changes little from the
template of 3DG-450 (Fig.S2 in ESM), where TiO,
particles are homogeneously distributed throughout
the surfaces of the graphene sheets at the nanoscale
(Fig. 2(b)). As the size of the photocatalyst is critical
to its catalytic activity [10], the sizes of TiO, particles
loaded onto 3DG were limited to ~10 nm (Fig. 2(c)).
This was achieved using the well-known wet chemistry
method for synthesis of nano-sized TiO, [45, 48]. As
shown in Fig. 2(d), HR-TEM analysis of TiO, nano-
particles loaded onto graphene sheets indicates a
typical anatase structure with a lattice fringe of
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Figure 1 Structural analyses of bare TiO,, 3DG-450, and TiO,/3DG-5 catalysts. (a) X-ray diffraction spectra, (b) Raman spectra, and
(c) UV—vis absorbance spectra (converted from diffuse reflectance spectra). The inset is the Kubelka—Munk transformation of the

absorption curves of bare TiO, and TiO,/3DG-5.

Figure 2 (a) A typical SEM image of 3DG-450 and ((b) and
(c)) TEM and HR-TEM images of TiO,/3DG-5. (d) The lattice
diffraction pattern of the particle in the white circle in (c).

0.342nm corresponding to the anatase TiO, (101)
plane. This is consistent with the results from the XRD
and Raman analyses.

The 3D porous structures of the 3DG and TiO,/3DG

composites were confirmed using the BET specific
surface area (SSA) and pore size distribution (PSD)
analysis results. As shown in Fig. 3(a), both 3DG-450
and TiO,/3DG-5 exhibit adsorption isotherms of type
IV with an H,-type hysteresis, suggesting the presence
of both mesopores and macropores. For 3DG-450, a
SSA of 240 m*>g™ and pore volume of 0.318 cm*g™
were obtained (Fig. 3(a)). From the PSD analysis
(Fig. 3(b)), a sharp peak at ~4 nm and a broad peak
ranging from 100 to 300 nm could be identified,
corresponding to the inner cavities in the graphene
sheets and the cage pores formed between the graphene
sheets [18]. In TiO,/3DG-5, because of the low loading
of graphene, the pore structure is mainly composed
of mesoporous (~tens of nm) pores with a higher
pore volume (0.467 cm®g™, Fig. 3(b), square symbols).
Furthermore, due to the higher density of TiO,
nanoparticles, the SSA of the composite TiO,/3DG-5
(151 m*g™) is lower than 3DG-450, but still distinctly
higher than the bare TiO, (91 m*g™). The larger SSAs of
3DG and TiO,/3DG composites relative to those of bare
TiO, nanoparticles and some reported photocatalysts
[18, 26, 49] should be beneficial to the photocatalytic
performance.
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Figure 3 (a) Nitrogen adsorption—desorption isotherms of bare
TiO,, 3DG-450, and TiO,/3DG-5. (b) Pore size distribution curves
of 3DG-450 and TiO,/3DG-5.

3.2 Photocatalytic performance

The photocatalytic hydrogen production activities of
the 3DG and TiO,/3DG composites were investigated
and the results are summarized in Fig. 4. As shown
in Fig. 4(a), all of the 3DG catalysts made at various
annealing temperatures are active for H, evolution via
water splitting under UV-vis light. The 3DG samples
demonstrate photocatalytic activity that increases with
the annealing temperature. The sample annealed at
650 °C, i.e., 3DG-650, exhibits the highest hydrogen
evolution rate of 270 pmol‘h™ g, which is much
higher than those of bare TiO, (68 umol-h™-g__ ) or the
commercial P25 TiO, (92 pmol-h’l-g;;t) under the same
conditions. However, the hydrogen evolution rate of
3DG decreases with further increases in the annealing
temperature, probably due to the collapse of the three
dimensional structure. Only trace hydrogen could

be generated under the same conditions when using
rGO as a reference photocatalyst.

Further photocatalytic studies were focused on the
TiO,/3DG composites. Surprisingly, Fig.4(b) shows
that the catalytic performances of TiO,/3DG composite
catalysts with different graphene loadings all exhibit
significantly higher activity than either the bare TiO,
or 3DG samples under the same conditions due to
synergistic effects between TiO, and 3DG. Typically,
TiO,/3DG with a 5 wt.% loading of graphene exhibits the
highest hydrogen evolution rate of 1,205 pmol-h™-g_}
under UV-vis light. This appears to be much higher
than reported with graphene-based TiO, composites
[50-54]. Upon increasing the graphene loading beyond
5 wt.%, the photocatalytic activity of TiO,/3DG
decreases significantly. This is probably because
of the light shielding effects of graphene [54, 55].
The apparent QE is calculated to be as high as 7.2%
for the optimized TiO,/3DG-5 photocatalyst under
monochromatic 350 nm UV light.

The photocatalytic nature of H, evolution via water
splitting over 3DG-650 and TiO,/3DG-5 is further
demonstrated in Fig. 4(c), where the impact of incident
light intensity on the photocatalytic activity is inves-
tigated. The catalytic activities of both 3DG-650 and
TiO,/3DG-5 photocatalysts increase linearly with the
incident light intensity, consistent with the fact that
the ejected hot/free electrons (measured as current)
from graphene increase linearly with the light intensity
[35]. These observations clearly indicate that the
hot/free electrons from 3DG act as the actual reducing
agent in H, evolution.

A typical time course of H, evolution via water
splitting on 3DG-650 and TiO,/3DG-5 photocatalysts
under UV-vis light is shown in Fig. 4(d). The 3DG-650
and TiO,/3DG-5 photocatalysts produce 1,435 and
6,451 pmol of hydrogen per gram, respectively, in the
first 5 h under UV-vis irradiation. The amount of H,
generated remains virtually unchanged for the next
four cycles, confirming the good stability of 3DG-650
and TiO,/3DG-5 in photocatalytic reactions, and
demonstrating their potential for future applications.

3.3 Hydrogen evolution mechanism

Based on the results above, a possible mechanism of
H, production over 3DG and TiO,/3DG is proposed
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Figure 4 (a) Photocatalytic hydrogen evolution from water splitting over a series of 3DG samples synthesized at various annealing
temperatures and reference samples, including bare TiO,, commercial P25 TiO,, and rGO. (b) TiO,/3DG catalysts with various graphene
loadings. The indicators “0” and “100%” represent bare TiO, and 3DG-450, respectively. (¢) The relationship between H, production
rate and light intensity using the 3DG-650 and TiO,/3DG-5 catalysts. (d) Time course of water splitting on the TiO,/3DG-5 (circle) and
3DG-650 (square) catalysts. The reaction proceeded for 25 h, with evacuation every 5 h (dotted line). Reaction conditions: 10 mg of 3DG
or 60 mg of TiO,/3DG composite catalyst, 90 mL of HO and 10 mL of methanol, and a 200 W Xe lamp with a 320-780 nm wavelength
range as the light source. The quantity of evolved H, was measured using a gas chromatograph with a thermal conductivity detector.

and illustrated in Fig.5. It has been reported that
hot/free electrons can be generated efficiently by
graphene and 3DG materials [35, 39], and that these
electrons can act as clean, powerful reducing agents
for water. This is similar to the case of hot electrons
ejected from plasmonic Au nanorods loaded onto
MoS, for electrocatalytic hydrogen evolution [42]. As
shown in Fig. 5(a), these highly energetic hot/free
electrons can be ejected from graphene into free space
via an Auger-like mechanism under light illumination.
The electrons behave as massless Dirac fermions
[35, 39, 56], and thus act as powerful reducing agents
which drive the initial photo-reduction process of
water splitting for hydrogen evolution. Meanwhile,
the potential induced on graphene can drive the
counter oxidation process with methanol as the
sacrificial agent [57]. In our experiments without any

sacrificial agent, 3DG-650 can catalyze the splitting
of pure water with a hydrogen evolution rate of
5.2 umolh™-g” . This indicates a suitable redox potential
of photogenerated electron-hole pairs for both water
reduction and oxidation. There may be several
pathways for hydrogen production using the greatly
enhanced photocatalytic activity of the TiO,/3DG
composite (Fig. 5(b)). First, the 3DG in TiO,/3DG may
work as a simple photocatalyst like bare 3DG, where
hot/free electrons generated under illumination with
light directly reduce water to hydrogen (Fig. 5(b),
path 1). In the second possible path, the photo-generated
electrons transfer at the interface of graphene and
TiO,, where both electron transfer and energy transfer
occur several times faster than electron-phonon energy
relaxation [42, 58, 59]. Under illumination with light,
the absorbed photons excite the electrons from the
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Figure 5 Pathways of electron transfer and mechanism of
photocatalytic hydrogen production catalyzed by (a) 3DG and (b)
TiO»/3DG catalysts.

3DG ground state, located within the TiO, energy gap,
to an excited state that is in resonance with the TiO,
conduction band. This can increase the TiO, electron
density and thus greatly enhance its photocatalytic
activity (Fig. 5(b), paths 2a and 2b). This charge transfer
effect is supported experimentally by the EIS results.
As shown in Fig. S3 in the ESM, the smaller semicircle
in the Nyquist plot of TiO,/3DG-5 indicates an
effective separation of photogenerated electron-hole
pairs and fast interfacial charge transfer to the electron
donor or acceptor. In the third possible path, the
presence of 3DG can reduce the bandgap of anatase
TiO, from 3.2 to 2.8 eV as discussed above (Fig. 1(c))
and therefore, increase the electron transfer (Fig. 5(b),
path 3) from the Fermi level of 3DG to the lower con-
duction band of TiO, and suppress the recombination
of photogenerated electron-hole pairs. This improves
the performance of the photocatalyst accordingly
[27, 59, 60]. Because of these three possible pathways
for electron transfer via hot/free electron mechanisms,
synergetic effects between TiO, and graphene should
be present. These accordingly lead to the greatly

enhanced photocatalytic activity of the TiO,/3DG
composite (Fig.4(b)). A remarkably high apparent
QE of 7.2% is obtained using optimized TiO,/3DG
under monochromatic 350 nm UV light. This QE is
significantly higher than those of other photocatalyst
systems under same conditions (Table S1 in the ESM).

4 Conclusions

In summary, a bulk three dimensional graphene
material has been successfully used as an efficient
all-carbon photocatalyst for hydrogen evolution via
water splitting under full spectrum sunlight, using
a unique hot/free electron mechanism. Furthermore,
dramatically enhanced photocatalytic activity is
achieved using the 3DG/TiO, composite catalyst. The
catalyst produces 1,205 umol of hydrogen per hour
per gram of catalyst under such illumination. A high
apparent QE of 7.2% is achieved using the optimized
TiO,/3DG under 350 nm monochromatic UV light.
This is more than an order of magnitude higher than
with bare 3DG and TiO,. This work should offer a
new strategy for overcoming the high energy barriers
of many important reactions currently performed
under harsh or extreme conditions, such as ammonia
synthesis and CO, fixation.
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