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ABSTRACT: The enhanced water splitting photocurrent has been
observed through plasmonic mesoporous composite electrode TiO2−
CMK-3/Ag under visible light irradiation. Strong light absorption
achieved from the integrations of ordered mesoporous carbon (CMK-
3) and silver plasmonic nanoparticles (NPs) layer in the TiO2, which
significantly increased the effective optical depth of TiO2−CMK-3/Ag
photoelectrode. The carbon-based CMK-3 also increased the surface
wetting behavior and conductivity of the photoelectrodes, which resulted
in a higher ion exchange rate and faster electron transport. The synthesis
of high crystalline TiO2−CMK-3/Ag composite photocatalyst was
verified by X-ray diffraction (XRD) and scanning electron microscopy
(SEM). Pronounced enhancement of light absorption of TiO2−CMK-3/
Ag photoelectrode was confirmed by UV/vis spectrophotometers. Two
orders of magnitude of the enhanced water splitting photocurrent were
obtained in the TiO2−CMK-3/Ag composite photoelectrode with respect to TiO2 only. Finally, spatially resolved mapping
photocurrents were also demonstrated in this study.

KEYWORDS: photocatalytic water splitting, titanium dioxide, mesoporous carbon, plasmonic

■ INTRODUCTION

How to improve effectively solar energy conversion to fuel and
electricity has been an indispensable topic for decades. The
conversion of solar energy into hydrogen energy through
photocatalytic water splitting is one of the most important keys
to achieve the goal of clean and renewable energy. Many
semiconductor metal oxides have been investigated for the
water splitting process.1−5 Titanium dioxide (TiO2) is one of
the most promising materials for photogeneration of hydrogen
from water due to its low cost, absence of toxicity and chemical
stability.6−8 However, the mismatch of the optical band gap
with the entire solar spectrum constrains the solar photon
absorption down to ∼4%.9 To address this limitation and
improve solar conversion efficiency, many efforts have been
focused on the development of high surface area nanostructures
and the modification of their optical absorption band edge
through an elemental doping procedure.10−12 A high surface
area of TiO2 nanostructures increases the semiconductor/
electrolyte interface and reduces diffusion length for minority
carriers, which are predicted to be more efficient in charge
separation and transport;13−17 however, it is really difficult to
obtain a robust nanostructure, which can prevent the collapse
and corrosion of the nanostructure due to the disturbance of
acids or bases electrolyte. Likewise, a number of elements (e.g.,
N, C, transition metals, etc.) have been extensively investigated
as dopants for TiO2 materials in order to extend the absorption

edge to visible light.18−20 These efforts resulted in slight
improvements of the visible light photon absorption.
Increasing the effective optical depth to minimize the amount

of materials required to absorb light is one research direction to
achieve higher solar energy conversion. The plasmon resonant
metal nanoparticle is another promising candidate, which has
received much attention, due to a wide range of controllable
light absorption.21−23 Strong light coupling, scattering and
intensive near fields are the unique characteristics of these
plamonic NPs under the plasmon resonance.24−28 Many
applications have been reported by exploiting these plamonic
NPs, including applications of surface enhanced Raman
spectroscopy (SERS), solar cells, medicine and photocatalytic
chemistry.27,29−35

In this study, we proposed a strong light absorption
composite photocatalyst TiO2−CMK-3/Ag to enhance effec-
tively the performance of photocatalytic water splitting under
visible light irradiation. The concept of the plasmonic TiO2−
CMK-3/Ag composite photoelectrode is presented in Figure 1.
There are three possible enhanced schemes we adopted in our
plasmonic cocatalyst photoelectrode to improve the water-
splitting process. Scheme 1: the plasmon resonance effect from
the underneath silver nanoparticles layer is responsible for
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creations of a strong light scattering and intensive near fields,
which substantially increase the effective absorption depth in
the materials. Furthermore, besides the near field and enhanced
light absorption during the Plasmon resonance, the discovery of
hot electron from plasmon decay process further exploited the
utilization of plasmonic NPs, which open a new pathway for
many chemical reactions as well.36−39 Scheme 2: use of high
conductive CMK-3 improves the electron transport within the
TiO2 matrix to the cathode shown Figure 1a.40,41 Scheme 3:
Schottky junction formation at the interface of TiO2 and CMK-
3 enhances the charge separation rate and reduces the exciton
recombination.42−44 In addition, light absorption can be further
increased because of the black-body-like property of CMK-3.
Moreover, CMK-3 also provides not only a higher reaction
surface but also its straight and short mesochannels served as a
highway for the faster and deeper transport of electrolyte ions
at the surface of photoelecrodes. Briefly, a significantly
enhanced water splitting photocurrent is observed in the
TiO2−CMK-3/Ag photoelectrode with respect to TiO2 only.
The mechanism of photocurrent improvement is investigated
by using different structure configurations photoelectro-
des.41,45,46 Spatially resolved photocurrent maps are performed
to study the potential production of the large-area fabrication.

■ EXPERIMENTAL SECTION
Titanium dioxide (TiO2) was produced using the standard sol−gel
process.47,48 20 mL of n-propyl alcohol and 5 mL of titanium(IV)
ethoxide (33−35% TiO2, Acros) are added to the beaker with a
magnet stirring (1000 rpm) in an ice bath for 12 h. The SBA-15
mesoporous silica template for CMK-3, which was synthesized by
using tetraethyl orthosilicate (TEOS) as a precursor and Pluronic
P123 (Poly(ethylene glycol)-block-poly(ethylene glycol)-block-poly-
(ethylene glycol)-block) copolymer as a surfactant.49,50 The prepara-
tion of ordered mesoporous carbon CMK-3 followed the similar
nanocasting procedures reported earlier by using sucrose as the carbon

source.51−55 Carbonization was completed by pyrolysis of the sample
at temperatures of up to 800 °C for 3 h in the argon atmosphere. The
carbon−silica composite was leached with 1 wt % HF at room
temperature, to remove the silica template. Subsequently, TiO2−
CMK-3 colloidal solution was synthesized by adding CMK-3 powder
into the TiO2 sol−gel solution. The plasmonic layer of Ag NPs was
prepared by a simple chemical reduction. 0.02 g of sliver
acstylacetonate (Ag(acac); 98%, Acros) precursor was dissolved in
25 mL of deionized water, and the solution was placed in an ITO
substrate for 24 h to form the deposition of the silver nanoparticle
layer. Finally, the TiO2−CMK-3/Ag photoelectrode was produced by
using a spin-coating method followed by the sintering process at 450
°C for 3 h in nitrogen ambient. Besides the mixed TiO2−CMK-3
structure configuration, we also fabricated the layer type photo-
electrode CMK-3/TiO2 by standard spin-coating process for the
investigation of enhanced mechanism. Finally, the TiO2−CMK-3/Ag
photoelectrode was fabricated by using a spin-coating method
followed by the sintering process at 450 °C for 3 h. Again,
morphology and microstructure of the samples were investigated
using a high resolution transmission electron microscopy (TEM) and
field emission scanning electron microscopy (SEM). The ordered
arrangement of the CMK-3 carbon and SBA-15 silica was examined by
X-ray diffraction (XRD) patterns. UV−visible spectrometry (UV−vis)
was employed to characterize the plasmon resonance wavelength of
the different photoelectrodes. The specific surface areas were
calculated by the Brunauer−Emmett−Teller (BET) method, and the
pore size distributions were calculated from an adsorption branch of
the isotherm by the Barrett−Joyner−Halenda (BJH) model. Finally,
the photocatalytic reaction was measured in 1 M NaOH solution by
using three terminal potentiostat at room temperature operation under
532 nm laser irradiation with 1 mm diameter spot size.

■ RESULTS AND DISCUSSIONS

Transmission electron microscopy has been used to study the
quality of mesostructured CMK-3, which exhibited a uniform
array of mesopores with a long-range order shown in Figure 2a.
Energy-dispersive X-ray spectroscopy (EDX) mapping shown

Figure 1. Concept of the plasmonic TiO2−CMK-3/Ag composite photoelectrode and enhanced mechanisms of (a) electron transport and (b)
Schottky junction.
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in Figure 2b provides clear information about the C, Ti and O
distribution of the TiO2−CMK-3 matrix and further confirms
the embedding characteristics of mesoporous CMK-3. Further
characterization of CMK-3 has been presented in Figure 2c.
The XRD patterns indicated well-ordered mesoporous
structures of CMK-3 and corresponding SBA-15 samples, as
revealed by the characteristic diffraction peaks at small 2θ
angles. All exhibit three peaks in the range 2θ angles of 0.8° to
2.5°, which can be indexed to the (100), (110) and (200)
reflections of the hexagonal space group (P6mm). Furthermore,
the N2 adsorption/desorption isotherms (77 K) for SBA-15,
and CMK-3, delivered a common type-IV isotherm with a
broad hysteresis loop, which are typical characteristics of
capillary condensation in mesoporous channels. According to
the pronounced step showed in the adsorption curve, near a
0.45 value of P/P0, implied the presence of uniform framework-
confined (primary) mesoporous. Also, the CMK-3 carbon
exhibited a high specific surface of 1500 m2/g. The average
pore diameter is calculated with BJH method showing an
approximate value of 3 nm. In addition, the more character-
ization of different structural TiO2−CMK-3/Ag, TiO2−CMK-
3, CMK-3/TiO2 and the layer of silver NPs has been provided
(see Figures S1−S4 in the Supporting Information).

Figure 3 shows the absorption spectra of different photo-
electrodes. TiO2 showed the normal absorption band edge at

390 nm. With the incorporation of silver plasmonic layer,
TiO2/Ag exhibited stronger photon absorption owing to the
plasmonic boost from the underneath sliver nanoparticles. A
small bump of absorption peak appeared at 410 nm was also
observed, which is consistent with the typical plasmon resonant
absorption peak of Ag nanoparticles. The sample of pure CMK-
3, black-body-like materials, exhibited a wide range of
wavelength absorption from 350 to 800 nm. When integrating
the CMK-3, this raised the TiO2−CMK-3 entire absorption
spectrum above both of TiO2 and TiO2/Ag. Ultimately, the
highest light absorption was obtained in the TiO2−CMK- 3/Ag
composite photoelectrode due to the severe multiple light
absorption and scattering processes within the Ag NPs and
CMK-3.
In addition, the improvement of the wettability of TiO2−

CMK-3 was confirmed by the measurement of the contact
angle of a water drop on both TiO2−CMK-3 and TiO2 only
surfaces. Even though the surface of TiO2 is well-known for its
hydrophilic property, with the integration of CMK-3, the
contact angle of a water drop on the surface of TiO2−CMK-3
electrode can be still slightly reduced from 24.45° to 22.06°,
shown in Figure 4a. The result implies that the high porosity of
CMK-3 provide an additional transmission channel to improve
ionic electrolyte transport at the surface of the photoelectrodes,
reducing the accumulation of byproducts during water splitting
reaction. Besides the measurement of the contact angle of a
water drop, the analysis of the sheet resistances was performed
by four-point probe measurements on samples of TiO2 and
TiO2−CMK-3/Ag. According to the average result of 10 points
with standard deviation less than 3% error, the sheet resistance
of TiO2−CMK-3/Ag photoelectrode is approximately 6 times
smaller than that of TiO2 due to the combination of the CMK-
3 and Ag NPs. It suggests that the conduction of carriers can be
more effectively in the TiO2−CMK-3/Ag photoelectrode.
The photocurrent responses were measured by a traditional

three-electrode measurement method with prepared samples, a
Ag/AgCl electrode, a graphite rod functioning as the working,
reference and counter electrodes, respectively. Four different
structure configuration photoelectrodes were performed under
a constant applied voltage of 0.05 V, including the TiO2, TiO2−
CMK-3 (mixed), CMK-3/TiO2 (layers), TiO2/Ag and TiO2−

Figure 2. (a) High magnification TEM images of CMK-3. (b) SEM
image and corresponding EDX elemental mappings of C, Ti and O of
TiO2−CMK-3. (c) Characterization of CMK-3 and corresponding
SBA-15 template.

Figure 3. Absorption spectra of different photoelectrode config-
urations.
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CMK-3/Ag photoelectrodes. Figure 5a shows the photocurrent
response of these different photoelectrodes under the 532 nm
laser irradiation with a power of 500 mW. During the 532 nm
laser excitation, TiO2 photoelectrode presented no obvious
photocurrent generation due to its wide band gap (3.2 eV),
limiting the effective absorption of low energy photons. With
the incorporation of CMK-3, both TiO2−CMK-3 (mixed) and
CMK-3/TiO2 (layers) exhibited higher photocurrent responses
than that of TiO2 only. The enhancement of photocurrent is
attributed to the absorption improvement from CMK-3, which
is consistent with the results observed in the previous
absorption spectrum. Interestingly, different structure config-
uration of CMK-3/TiO2 (layers) showed relatively lower
photocurrent as compared to TiO2−CMK-3 (mixed), resulting
from the reduction of reaction sites of TiO2 as CMK-3 on top
of the reaction surface. With the integration of plasmonic sliver
NPs, the improvement of the incident photon absorption has
been reflected on the performance of photocurrent response of

TiO2/Ag, which exhibited second highest photocurrent in these
samples. However, the highest photocurrent response obtained
at the TiO2−CMK-3/Ag photoelectrode, which showed two
times higher photocurrent than that of TiO2−CMK-3. This
observation suggests that existence of plasmonic silver
nanoparticles can significantly amplify the effective exciton
generation due to the plasmon resonant effects from the silver
NPs. This argument is also supported by our absorption
spectrum, which displayed the highest photon absorption in the
sample of TiO2−CMK-3/Ag. However, all of the photocurrent
responses in Figure 5a were measured under a small applied
voltage of 0.05 V, and additional photocurrent responses at
higher applied voltages are provided (see Figure S5 in the
Supporting Information). Figure 5b delivers the results of the
power dependence study of TiO2−CMK-3/Ag, which indicates
a linear relation between the laser power and water-splitting
photocurrent in the range from 100 to 500 mW. For further
comparison, the power dependence study of the TiO2−CMK-3
photoelectrode has also been plotted together in Figure 5c,
which shows a similar minimum threshold laser power but with
a smaller slope for the increase of photocurrent. Furthermore,
prolonged photocurrent measurements were performed to
examine the stability of the TiO2−CMK-3/Ag photoelectrode,
which are provided in the (see Figure S6 in the Supporting
Information).
The investigation of the charge transfer of photogenerated

electron and hole pairs can be achieved by the photo-
luminescence (PL) emission spectrum, which its signal
indicates the recombination of free charge carriers. Figure 6a
shows the PL spectra of different samples with the excitation
wavelength at 263 nm (4.71 eV). On the basis of the PL results,
the intensity of emission peaks at approximately 525 nm
decreased with the existence of CMK-3 or sliver NPs and the
weakest emission signal occurred at the sample of TiO2−CMK-
3/Ag. These results suggested that the recombination of charge
carriers was significantly reduced with integration of silver NPs
and CMK-3. This suppression of charge recombination also

Figure 4. (a) Water contact angle of TiO2 only and TiO2−CMK-3.
(b) Four-point probe measurements in thin film chip resistors.

Figure 5. (a) Photocurrent response of different photoelectrodes. (b) Power depend study of TiO2−CMK-3/Ag. (c) Photocurrent response
comparison of TiO2−CMK-3 and with TiO2−CMK-3/Ag photoelectrodes under different laser power irradiations.
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proved the possible formation of Schottky junction at the
interface of TiO2 and CMK-3 as the explanation in Figure 1. In
addition, to understand the charge transfer at the interface of
photoeletrode and electrolyte, we conducted the measurement
of electrochemical impedance spectroscopy (EIS) as well.
Figure 6b shows Nyquist plot of all the four tested
photoelectrodes under 532 nm laser irradiation. Electro-
chemical impedance spectra were recorded at DC potential of
1.23 V vs RHE and an AC potential frequency range of
100 000−0.01 Hz. The diameters of the semicircules in Nyquist
plot indicate the charge transfer resistance of samples. Similarly,
the charge transfer resistance ofTiO2 was improved with the
integration of either silver NPs or CMK-3. The smallest arch
diameter was observed in the sample of TiO2−CMK-3/Ag,
which suggested efficient charge transfer from the surface of
TiO2−CMK-3 matrix to the electrolyte. This result is in
agreement with the observations of the outcomes of photo-
current responses and the four-point probe measurement.
Finally, the spatial distribution of water splitting photo-

current has also been examined by a step design structure in the
photoelectrode. The concept of the step design in the
photoelectrode is that, instead of covering the full area,
plasmonic silver layer only covers half of photoelectrode
underneath the TiO2−CMK-3 layer. Spatially resolved mapping
photocurrents were measured by rastering the 532 nm laser

focus across both plasmon enhanced and nonplasmon
enhanced region. With a higher laser power of 800 mW,
more significant photocurrent gap was displayed between the
enhanced and nonenhanced area shown in Figure 7, which we
primitively expected from this step design photoelectrode. The
top of the stair exhibited an enhanced photocurrent in an area
of 3 × 8 mm due to the existence of silver plasmonic layer.
Photocurrent distribution is not perfectly uniform in the whole
enhanced area, which can be attributed to the arbitrary shape of
plasmonic silver nanoparticles. However, this entire plasmon
enhanced area still shows more than 4 times enhanced
photocurrent with respect to that in bottom of the stair
(TiO2−CMK-3 only). This demonstration proves a potential
application of using the plasmonic TiO2−CMK-3/Ag photo-
electrode for improving solar water splitting in the large scale
area.

■ CONCLUSIONS

This study has successfully achieved the synthesis of a TiO2−
CMK-3/Ag composite photocatalyst for the enhancement of
the photocurrent responses in water splitting process under
visible light irradiation. In our design, the combination of
mesoporous CMK-3 and plasmonic silver layer constituted a
perfect resonance circumstance for the internal light absorption
from taking advantage of the plasmon resonance effects and the

Figure 6. (a) Photoluminescence spectra of the TiO2, TiO2−CMK-3, TiO2/Ag and TiO2−CMK-3/Ag photoelectrodes under 263 nm UV
excitation. (b) Nyquist plots of different photoelectrodes.

Figure 7. Spatial distribution photocurrent of a step design structure photoelectrode.
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formation of Schottky junctions. The mechanism of photo-
current improvement has been investigated by using different
structure configurations photoelectrodes. In addition, the
improvement of the wettability and the lower sheet resistances
were observed in the TiO2−CMK-3/Ag, benefiting the ionic
electrolyte transport and carrier conduction at the surface of the
photoelectrodes. Finally, we also performed the measurement
of the spatial distribution of water splitting photocurrent in the
TiO2−CMK-3/Ag photoelectrode for the demonstration of
solar water splitting over the large scale area.
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