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in the potentials of different facets, the photogenerated elec-
trons and holes are driven to the different facets and a p–n 
junction can be expected at the nanosheet junctions, which 
accordingly greatly promote the charge-carrier separation. In 
case of WO 3  nanosheets, remarkable photocatalytic activity one 
order of magnitude higher than bulk WO 3  powders have been 
achieved, [ 20,21 ]  illustrating the great potential of nanosheet con-
struction in promoting the photocatalytic activity. 

 Introduction of oxygen vacancies to the surface of semicon-
ductors is another promising strategy to improve their photo-
catalytic effi ciency. An elegant example is the disorder-engi-
neered TiO 2  nanocrystals, i.e., hydrogenated TiO 2  nanocrystals, 
which exhibit remarkable activity in both photo-oxidation and 
photoreduction reactions. [ 28 ]  Further work indicates that the 
introduction of a high density of oxygen vacancies can greatly 
increase the donor density of TiO 2 , and, therefore, can pro-
mote the charge-carrier separation, which fi nally results in 
the enhancement in photocurrent response and photocatalytic 
activity. [ 29 ]  With similar hydrogenation treatments on WO 3 , 
greatly promoted photocurrent responses [ 22 ]  and photocatalytic 
activity for water oxidation [ 23 ]  have been achieved. 

 In the past decade, surface plasmon resonance on certain 
conducting metals, e.g., Au and Ag, has been successfully 
applied in photocatalysis. [ 30,31 ]  It provides a unique pathway 
for solar light harvesting, and when combined with semi-
conductors, the localized surface plasmon resonance (LSPR) 
can improve the effi ciency of charge-carrier separation. For 
example, modifi cation of semiconductor WO 3  with Ag [ 24 ]  
and Au [ 32 ]  can enhance the photocurrent and photocatalytic 
activity, respectively. Recently, transition-metal oxides are rec-
ognized as interesting candidates for LSPR hosts, originated 
from their outer-d valence electrons. Plasmonic molybdenum 
oxide nanosheets were synthesized and such plasmonic semi-
conductor nanostructures exhibited enhanced photocatalytic 
activity under visible light. [ 33 ]  Particularly, tunable plasmon 
resonances in the visible range have been recently reported 
for substoichiometry molybdenum oxide nanofl akes with con-
trolled doping levels and the lateral dimensions of fl akes. [ 34 ]  
Tungsten oxides nanocrystals with tunable LSPR have also been 
successfully prepared; [ 35 ]  however, the effects of LSPR on their 
solar light harvesting properties are not investigated yet. 

 Despite the current achievements on the strategies to pro-
mote the photocatalytic activity, WO 3 -based semiconductors 
with adequate activity under visible or solar light are still being 
explored. Inspired by the pioneer work, herein, we will report 
the fabrication of tungsten oxide single crystal nanosheets with 
abundant surface oxygen vacancies as robust semiconductor 
photocatalysts for solar light harvesting. The theory for cata-
lyst design is that the combination of different strategies, i.e., 

  Semiconductor photocatalysis has attracted signifi cant attention 
due to its promising application in solar energy conversion, 
since the discovery of water photolysis on a TiO 2  photoanode 
in the 1970s. [ 1 ]  TiO 2  is the initial semiconductor photocatalyst 
investigated and nowadays it is still the most studied one due 
to its own advantages. However, TiO 2  is a type of wide bandgap 
semiconductor and it only adsorbs UV light, which greatly 
limits its practical applications. [ 2,3 ]  In addition to extensive 
researches on reducing the bandgap of TiO 2  for visible light 
response, [ 4–8 ]  alternative semiconductors with intrinsic narrow 
bandgaps are being explored. [ 9,10 ]  

 Tungsten trioxide, known as a nontoxic and photostable 
n-type semiconductor with a bandgap of ≈2.6 eV, can absorb 
a signifi cant part of visible light and, therefore, becomes a 
compelling photocatalyst for solar light harvesting. [ 11–16 ]  Gen-
erally, WO 3  is unable to reduce water to hydrogen because of 
the insuffi cient conduction band level for this reaction, while 
it shows very high activity for water oxidation to oxygen in the 
presence of a suitable electron acceptor, which can be viewed as 
a crucial step in artifi cial photosynthesis. [ 17 ]  Thereupon, in the 
past decades, persistent efforts have been made to improve the 
photocatalytic activity of WO 3 , especially in water oxidation, and 
different strategies have been proposed. [ 15,18–24 ]  

 Nanostructuring is a promising strategy to improve the 
photocatalytic effi ciency of semiconductors. [ 25,26 ]  Nanocrys-
talline WO 3  fi lm, [ 11 ]  mesoporous WO 3  thin fi lm, [ 12 ]  and hier-
archical WO 3  hollow shells [ 14 ]  have been claimed to exhibit 
higher photocatalytic activity than bulk WO 3  probably due 
to their larger surface area and enhanced light scattering. 
Among all the nanostructured photocatalysts, 2D materials, 
i.e., nanosheets, receive special attention. [ 27 ]  Due to the gradient 
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2D structure construction, the introduction of surface oxygen 
vacancies, and the creation of LSPR, can promote the light har-
vesting performance of WO 3  through accumulative and syner-
gistic effects. 

 Experimentally, tungsten oxide single crystal nanosheets 
were prepared from tungstic acid via a two-step post-treatment 
procedure, consisting the exfoliation of layered tungstic acid 
to tungsten oxide nanosheets and then the introduction of 
oxygen vacancies, as illustrated in  Figure    1  . First, tungstic acid 
was hydrothermally synthesized from sodium tungstate and 
oxalic acid (see Supporting Information for details). X-ray dif-
fraction (XRD) pattern of as-synthesized tungstic acid shows a 
dominant orthorhombic structure (JCPDS 18–1418, Figure S1, 
Supporting Information) and the scanning electron micros-
copy (SEM) image indicates the nanoplate morphology with an 
average thickness of ≈50 nm (Figure S2, Supporting Informa-
tion) For the exfoliation of layered tungstic acid into tungsten 
oxide nanosheets, a most simple and environmental-benign 

alcohothermal strategy is developed in the present study (see 
Supporting Information for details). After air annealing, the 
tungsten oxide nanosheets are fi nally treated in vacuum or 
hydrogen to derive the tungsten oxide nanosheets with oxygen 
vacancies, i.e., WO 3−   x  -VT and WO 3−   x  -HT, respectively.  

 The WO 3  nanosheets after annealing appear as yellowish 
powders, which turn olive drab with the introduction of oxygen 
vacancies (Figure S3, Supporting Information). The diam-
eter of WO 3  nanosheets is in the micrometer level and the 
average thickness is 15–20 nm, as observed in the SEM images 
( Figure    2  ). We have performed atomic force microscopy (AFM) 
analysis on WO 3  nanosheets after annealing and their thick-
ness is determined to be 8–20 nm (Figure S4, Supporting Infor-
mation). Most of the sheets have a fundamental thickness of 
2.1 nm, approximate three layers of the monoclinic WO 3  unit 
cells. [ 36 ]  The introduction of oxygen vacancies does not bring 
about signifi cant changes in the nanosheets morphology. Trans-
mission electron microscopy (TEM) observations also confi rm 
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 Figure 1.    Schematic illustration describing the formation of tungsten oxide single crystal nanosheets.
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 Figure 2.    SEM and HRTEM images of WO 3 , WO 3−   x  -VT, and WO 3– x  -HT nanosheets.
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of nanofl owers (Figure S5, Supporting Information). Clear 
lattice fringes could be observed in the high-resolution trans-
mission electron microscopy (HRTEM) images of nanosheets 
(Figure  2 ), revealing their high crystallinity. As depicted from 
the corresponding fast fourier transform (FFT) images, (200) 
and (020) atomic planes with angle of 90° could be clearly iden-
tifi ed, match well with the WO 3  monoclinic phase of single 
crystal structure. It has been reported that vacuum or hydrogen 
treatment can induce the surface disorder of oxides. [ 27,37 ]  
In the present work, similar circumstances happen to WO 3  
nanosheets during post-treatments, where a surface disorder 
layer of ≈1 nm could be observed in WO 3−   x  -VT (as marked in 
the HRTEM images).  

 The structure of tungsten oxide nanosheets is extensively 
investigated via various spectroscopic techniques. The XRD pat-
terns of the tungsten oxide nanosheets under study show the 
similar monoclinic structure (JCPDS 20–1324) and the clear 
diffraction peaks indicate the high crystallinity of the samples 
( Figure    3  a). While in the enlarged view of XRD patterns in the 
region of 2 θ  = 22°–26° (Figure S6, Supporting Information), a 
slight shift of (020) peak of pristine WO 3  nanosheets towards 
a higher angle could be observed after hydrogen or vacuum 

treatment. It is known that with the introduction of oxygen or 
other cationic vacancies with smaller ionic radius, [ 38 ]  the inter-
planar spacing d becomes smaller, which is then refl ected as 
the higher 2 θ  value of typical diffraction peak in XRD pattern. 
On the contrary, the thickness of tungsten oxide nanosheets 
along the  c -axis is calculated, according to Debye equation, to 
be ≈16 nm, consistent with electron microscopy observations.  

 Raman spectroscopy is further employed to investigate the 
crystalline structure of as-obtained products and to illustrate 
the formation of surface oxygen vacancies. The Raman spec-
trum of pristine WO 3  nanosheets is dominated by three major 
vibration bands at 270, 715, and 805 cm −1 , assignable to the 
bending vibration of  δ (O–W–O) and the stretching vibration 
of  ν (W–O–W) of monoclinic phase, respectively. [ 39 ]  After treat-
ment in vacuum or hydrogen, these vibration bands are well 
preserved but the W 6+ –O stretching band at 715 cm −1  slightly 
shifts to a low wavelength of 705 cm −1 . Meanwhile, in par-
ticular, a new broad band at ≈635 cm −1  appears for WO 3−   x  -VT 
and WO 3−   x  -HT nanosheets (Figure  3 b), which has been 
reported to originate from the Ag phonons of the WO 3 (H 2 O)  x   
lattice. [ 40,41 ]  With the introduction of oxygen vacancies, H 2 O 
tends to adsorb on the oxygen vacancies in WO 3  and form 
WO 3 (H 2 O)  x   structure. 

Adv. Mater. 2015, 27, 1580–1586

www.advmat.de
www.MaterialsViews.com

 Figure 3.    a) XRD patterns, b) Raman spectra, c) W 4f XPS, d) Mott–Schottky plots, e) UV–vis -NIR spectra, and f) band level arrangements of tungsten 
oxide nanosheets with oxygen vacancies.
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 Figure  3 c shows the high resolution W 4 f  X-ray photoelec-
tron spectra (XPS) of tungsten oxide nanosheets. For all sam-
ples, binding energy values at 35.6 and 37.8 eV are observed, 
which are assigned to 4 f  7/2  and 4 f  5/2  of W 6+  in WO 3 , respec-
tively. [ 22,23 ]  The existence of W 5+  with binding energy values at 
34.5 and 36.7 eV could not be distinguished in the spectra due 
to the overlap with the strong signals from W 6+ . Treatment in 
hydrogen or vacuum does not bring about signifi cant changes 
in the W 4 f  or O 1s XPS (Figure S7, Supporting Information), 
indicating the similar structure of tungsten oxide nanosheets 
investigated. 

 The fl at-band potential of tungsten oxide nanosheets is 
measured using the electrochemical method and the Mott–
Schottky plots are shown in Figure  3 d. The Mott–Schottky plots 
of all the samples show a positive slope, which is typical for 
n-type semiconductors. WO 3−   x  -VT and WO 3−   x  -HT show much 
smaller slopes of Mott–Schottky plots compared to the pris-
tine WO 3  nanosheets, revealing the enhanced carrier densities 
after treatments. [ 22 ]  The donor density could be calculated from 
the slopes in the Mott–Schottky plots according to the below 
equation
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 where  N  d  is the donor density,  e  0  is the electron charge,  ε  0  is 
the permittivity of vacuum,  ε  is the dielectric constant of WO 3  
( ε  = 20), and V is the applied bias at the electrode. The dramati-
cally enhanced donor densities of WO 3−   x  -VT (1.7 × 10 21  cm −3 ) 
and WO 3−   x  -HT (2.3 × 10 21  cm −3 ), comparing with the pristine 
WO 3  (8.6 × 10 19  cm −3 ), should be attributed to the introduction 
of oxygen vacancies, which are known to be electron donors. [ 42 ]  
We also performed Hall measurements on the free carrier den-
sities and values of 5.7 × 10 19 , 1.2 × 10 21 , and 1.9 × 10 21  cm −3  
were obtained for WO 3 , WO 3−   x  -VT, and WO 3−   x  -HT, respectively. 
The values are slightly lower than those calculated from Mott–
Schottky plots, but a similar trend is clearly observed, further 
confi rming the dramatically enhanced free carrier densities 
upon the introduction of oxygen vacancies. 

 On the basis of the electron microscopic observations and 
the spectroscopic characterizations, it is clearly seen that WO 3  
single crystal nanosheets are successfully obtained from the 
exfoliation of layered tungstic acid. Post-treatment in vacuum 
or hydrogen under mild conditions does not bring out sig-
nifi cant changes in the bulk structure of WO 3  nanosheets but 
does induce a great amount of oxygen vacancies, which domi-
nantly locate at the outer surface of nanosheets as a disorder 
layer. With the above-mentioned information on the structure 

of tungsten oxide nanosheets, we further examined their optical 
properties that might be infl uenced by the structural confi gura-
tions. As shown in the diffuse refl ectance UV–vis-NIR spectra 
in Figure  3 e, all samples show similar intrinsic absorption 
up to ≈480 nm, consistent with the indirect bandgap absorp-
tion edge of WO 3  at ≈2.6 eV. For WO 3−   x  -VT and WO 3−   x  -HT, 
optical absorption beyond the band edge, e.g., in 480–700 nm 
region, could be observed, which should be due to the new dis-
crete energy bands below the conduction band created by the 
introduction of anionic vacancies. [ 29,43 ]  Moreover, light absorp-
tion in the near-infrared region, with intensity comparable 
with the bandgap absorption, could be observed for tungsten 
oxygen nanosheets with oxygen vacancies, i.e., WO 3−   x  -VT and 
WO 3−   x  -HT. According to the results from Mott–Schottky plots 
and Hall effect measurements, a large amount of free conduc-
tion band electrons, with free-carrier density of over 10 21  cm −3 , 
can be identifi ed and the collective oscillations of surface free 
carriers (electron for n-type semiconductor WO 3 ) can induce 
the surface plasmon resonance. [ 31,35 ]  Typically, LSPR peaks cen-
tered at ≈1520 and 1450 nm are observed for WO 3−   x  -VT and 
WO 3−   x  -HT, respectively. We further calculated the free-carrier 
density from LSPR peak according to the Drude model [ 35 ] 
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 where  ω  p  is the bulk plasma frequency,  e  is the elementary 
charge,  ε  0  is the permittivity of free space, and  m  e  is the effec-
tive mass of an electron, and  N  e  is the charge-carrier density. 
The charge-carrier densities of WO 3−   x  -VT and WO 3−   x  -HT are 
determined to be 2.0 × 10 21  and 2.5 × 10 21  cm −3 , respectively, 
in good agreement with those calculated from Mott–Schottky 
plots ( Table    1  ), confi rming the validity of LSPR theory for 
tungsten oxides employed in this study. It should be men-
tioned that in contrast to most other nonstoichiometric metal 
oxides, e.g., TiO 2−   x  , WO 3−   x   is thermodynamically stable under 
ambient conditions and the quench of oxygen vacancies is 
reported to occur only upon annealing in air at the temperature 
higher than 673 K. [ 22 ]  In this study, the LSPR absorption peak 
at ≈1520 nm of WO 3−   x  -HT nanosheets caused by the oxygen 
vacancies remains unchanged after annealing in air at 353 K, 
while a signifi cant decrease in the LSPR intensity is observed 
after annealing at 573 K (Figure S8, Supporting Information). 
According to properties of tungsten oxide nanosheets with 
oxygen vacancies, the band level arrangements and the sepa-
ration of photoexcited electron–hole pairs in this type of semi-
conductor are illustrated in Figure  3 f. Theoretically, there are 
three different channels for solar light harvesting: (1) electrons 
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  Table 1.    Physico-chemical properties of tungsten oxide nanosheets under study.  

Sample Crystalline phase BET 
[m 2  g −1 ]

Apparent color LSPR peak 
[nm]

Free-carrier density 
[cm −3 ]

WO 3 Monoclinic 133 Yellowish – 8.6 × 10 [19 a] –

WO 3−   x  -VT Monoclinic 131 Olive drab 1450 1.7 × 10 [21 a] 2.0 × 10 [21b] 

WO 3−   x  -HT Monoclinic 129 Olive drab 1520 2.3 × 10 [21 a] 2.5 × 10 [21b] 

    a) Calculated from Mott–Schottky plots: ε ε ( )= ⎛
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trons excited from valence band top to oxygen vacancies below 
the conduction band; and (3) electrons excited by LSPR.  

 The solar light harvesting properties of tungsten oxides 
nanosheets are examined by means of photocurrent responses 
and photocatalytic evaluation. We fi rst measured the photocur-
rent response in a three-electrode electrochemical cell with Ag/
AgCl as the reference electrode and Pt wire as the counter elec-
trode (see Supporting Information for details). The photocur-
rent responses for all samples under dark are very low, while 
obvious current responses could be discerned from 0.2 to 1.0 eV 
(vs Ag/AgCl) under full-spectrum light ( Figure    4  a). WO 3−   x  -HT 
shows the highest photocurrent density, followed by WO 3−   x  -VT 
and then pristine WO 3  nanosheets, indicating that WO 3−   x  -HT 
should be better semiconductor material for solar light har-
vesting. For a better understanding on the light harvesting by 
tungsten oxide nanosheets, the photocurrent responses under 
different illumination conditions are examined. Under UV 
(Figure  4 b) or visible light (Figure  4 c), WO 3−   x  -HT nanosheets 
show the highest photocurrent density, followed by WO 3−   x  -VT 

and then pristine WO 3  nanosheets. The enhanced photocur-
rent responses of WO 3−   x  -HT and WO 3−   x  -VT as compared with 
WO 3  nanosheets should be related to the oxygen vacancies 
introduced during post-treatments. As revealed by photolumi-
nescence (PL) analysis (corresponding discussion and Figure 
S9, Supporting Information), the recombination of photogen-
erated electron-hole pairs is effectively suppressed upon the 
introduction of oxygen vacancies, which accordingly results in 
higher photocurrent responses. The higher conductive ability 
of WO 3−   x  -HT and WO 3−   x  -VT samples, as revealed by the dark 
 I – V  scans in Figure S10 (Supporting Information), may also 
contribute to their higher photocurrent responses. [ 29 ]  More-
over, WO 3−   x  -VT and WO 3−   x  -HT nanosheets also show notice-
able photocurrent responses under near-infrared illumination, 
in great contrast to pristine WO 3  nanosheets (Figure  4 d). The 
observed photocurrent responses under near-infrared illumina-
tion should come from LSPR induced by the abundant oxygen 
vacancies (vide supra). On the basis of photocurrent responses 
under different illumination conditions, we could come to the 
conclusion that the introduction of surface oxygen vacancies to 
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 Figure 4.    Photocurrent response of WO 3 , WO 3−   x  -VT, and WO 3−   x  -HT nanosheets under the illumination of a) full-spectrum UV–vis -NIR light 
(300–2000 nm), b) UV light (300–400 nm), c) visible light (400–780 nm), d) NIR light (780–2000 nm), and e) the comparison between full-spectrum 
and the sum of individual UV, vis, and NIR light.
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tungsten oxide nanosheets can not only promote UV and vis-
ible light harvesting but also create near-infrared harvesting, 
attaining the so-called multichannel solar light harvesting. 
Under the illumination of full-spectrum light, the photocurrent 
values observed for WO 3  nanosheets is slightly lower (≈10%) 
than the sum of values under individual UV, visible and near-
infrared illumination (Figure  4 e), which could be considered 
as common knowledge due to the mutual infl uence between 
protons with different energies. However, in contrast to the 
case of WO 3  nanosheets, the observed photocurrent values for 
WO 3−   x  -VT or WO 3−   x  -HT under full-spectrum light are distinctly 
higher (20%–30%) than the sum of values under individual 
UV, visible and near-infrared illumination at all bias voltages 
investigated (Figure  4 e). Obviously, the synergetic promotion of 
photocurrent response under full-spectrum light exists in tung-
sten oxide nanosheets with oxygen vacancies, i.e., WO 3−   x  -VT 
and WO 3−   x  -HT. One origination of the synergetic effects might 
come from the LSPR of samples, which may enhance the local 
electric fi eld of tungsten oxides and accordingly promote the 
charge-carrier separation. [ 44,45 ]  Another origination might come 
from the electron affi nity of oxygen vacancies, which acts like 
cocatalysts on semiconductors and promotes the charge-carrier 
separation. [ 46 ]   

 The light harvesting properties of tungsten oxides nanosheets 
(without cocatalyst) are further examined in the reaction of 
photocatalytic oxygen evolution from water oxidation (NaIO 3  
as sacrifi cial reagent, see Supporting Information for details). 
Under UV or visible light ( Figure    5  a), WO 3−   x  -HT exhibits the 
highest mass specifi c activity, followed by WO 3−   x  -VT and then 
WO 3 . The trend is consistent with the experimental observa-
tions in photocurrent responses (Figure  4 b,c). Under near-
infrared light, no oxygen evolution is observed over all sam-
ples although photocurrent responses could be detected for 
WO 3−   x  -VT and WO 3−   x  -HT (Figure  4 d). This should be due to 
the fact that the holes created by LSPR are insuffi cient to oxi-
dize water to oxygen. Under simulated solar light, i.e., Air Mass 
1.5, WO 3−   x  -HT exhibits the highest mass specifi c activity of 
1593 µmol (h gcat) –1 , ≈20% higher than 1346 µmol (h gcat) –1  
of WO 3−   x  -VT and over 2.5 times higher than 606 µmol (h 
gcat) –1  of pristine WO 3  nanosheets (reference bulk WO 3  shows 
very low activity of 53 µmol (h gcat) –1 , this value increases to 
73 and 89 µmol (h gcat) –1  upon vacuum and hydrogen treat-
ments, respectively). To our knowledge, the oxygen evolution 
rate achieved on WO 3−   x  -HT is much greater than most WO 3  
semiconductors reported under comparable conditions. [ 20,23 ]  
For a more objective comparison between the photocatalytic 
effi ciencies for oxygen evolution under different illumination, 
the apparent quantum yield (QY) was calculated. Typically, 
QYs of 14.8%, 11.6%, 9.3%, 1.5%, and 0.2% are obtained on 
WO 3−   x  -HT nanosheets under monochromatic light at  λ  = 350, 
405, 420, 475, and 550 nm, respectively, which agrees well with 
the light absorption ability (Figure  3 e). We further investigated 
the effects of additional near-infrared light on the photocatalytic 
oxygen evolution over WO 3−   x  -HT under different monochro-
matic light and the results are shown Figure  5 b. It is clearly 
seen that additional near-infrared light could promote oxygen 
evolution to some extent, independent on the wavelength of the 
monochromatic light employed. Considering that near-infrared 
light itself could not induce oxygen evolution (Figure  5 a), the 

promotion of oxygen evolution should be due to the enhanced 
charge-carrier separation by LSPR, similar to the case in pho-
tocurrent responses (vide supra). Moreover, it should be men-
tioned that the WO 3  nanosheets, coupled with certain cocata-
lysts, might be potential semiconductor photocatalysts for 
overall water splitting since their conduction band bottom is 
more negative than the reduction potential of H 2 O/H 2  and their 
valence band top is more positive than the oxidation potential 
of O 2 /H 2 O.  

 In summary, substoichiometric tungsten oxide single crystal 
nanosheets were successfully prepared via the exfoliation of 
layered tungstic acid to tungsten oxide nanosheets and subse-
quent introduction of oxygen vacancies. The as-prepared sub-
stoichiometric tungsten oxide nanosheets showed dramati-
cally enhanced performance in both photocurrent responses 
and photocatalytic water oxidation. The introduction of oxygen 
vacancies to pristine tungsten oxide nanosheets can induce the 
surface plasmon resonance, which not only creates the light 
harvesting via LSPR in the near-infrared region but also pro-
motes the light harvesting in the ultraviolet and visible region. 
Our experimental observations clearly reveal that under delicate 
design, the combination of different strategies can promote 
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 Figure 5.    a) Photocatalytic oxygen evolution over WO 3 , WO 3−   x  -VT, and 
WO 3−   x  -HT nanosheets under different illumination conditions; b) Promo-
tion of photocatalytic oxygen evolution over WO 3−   x  -HT under monochro-
matic light at  λ  = 350, 405, 420, 475, and 550 nm by the introduction of 
near-infrared light (780–2000 nm).



1586 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

Adv. Mater. 2015, 27, 1580–1586

www.advmat.de
www.MaterialsViews.com

the light harvesting performance of pristine semiconductors 
through accumulative and synergistic effects. 

 We hope that the theory for material design developed in 
the present study can be simply expanded to the fabrication of 
other robust semiconductor photocatalyst systems. The concept 
of multichannel solar light harvesting should shed a light for 
practical solar energy utilization.  
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