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 Photon upconversion of sunlight by lanthanide-doped materials 
is an emerging concept to improve solar energy conversion effi -
ciency. [  1–  3  ]  For conventional solar cells, one of the major energy 
loss mechanisms is the transmission of sub-bandgap photons. 
The use of upconversion materials provides a solution to the 
transmission loss by converting two sub-bandgap photons into 
one above-bandgap photon. Indeed, upconversion particles have 
been coupled to a wide range of solar cells including crystalline 
Si, [  4  ]  amorphous Si thin-fi lm, [  5  ]  organic, [  2a  ]  and dye-sensitized 
solar cells. [  6  ]  Despite the emerging prospects, the integration of 
upconversion particles with existing systems has not resulted 
in much improved solar cell performance. One major limiting 
factor to the low conversion effi ciency is the spatial incorpora-
tion of upconversion materials in solar cells. [  1  ,  2b  ]  Generally, 
upconversion materials are added as an ex-situ planar layer on 
top of a refl ector. This layer can absorb the near-infrared part of 
the solar spectrum transmitted through the bifacial solar cell, 
and then emit visible photons which are then directed back to 
the rear surface of the solar cell through an internal refl ector. 
However, only a small fraction of the upconverted light is cap-
tured by the solar cell because of energy losses due to internal 
scattering and absorption. 

 To solve the issue, an alternative solution where an in-situ 
placement of upconversion particles in solar cell was reported 
recently. [  6a  ]  The upconversion particles were mixed with tita-
nium oxide particles to form a composite material, which 
was subsequently used as part of a working electrode for 
dye-sensitized solar cells. This in-situ architecture is a better 
strategy as the close contact between the upconversion parti-
cles and photon-absorbing dye ensures immediate absorption 
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of the emitted light and reduces transmission loss. However, 
the energy effi ciency of the dye-sensitized solar cell with the 
composite layer was found to be almost the same as that for 
the conventional dye-sensitized solar cell. This is attributed to 
the impedance to the fl ow of electrons caused by the presence 
of upconversion particles, leading to the charge carrier losses. 
In addition, direct irradiation of upconversion particles in the 
form of the proposed in-situ architecture has proven diffi cult. 

 Herein, we report a rational design and fabrication of 
interconnected porous network of three-dimensional hetero-
nanostructured photoanodes for enhanced near-infrared light 
harvesting. As shown in  Scheme    1  , the photoelectrode con-
stitutes a titanium oxide (TiO 2 ) inverse opal, which optimally 
conducts electrons with minimal carrier losses due to its con-
tinuous electron conducting pathways. The three-dimensional 
hierarchical porous network of the inverse opal not only pro-
vides a large interfacial surface area for effi cient loading of 
upconversion nanoparticles and quantum dot sensitizers, but 
also allows an excellent interaction between the electrolyte 
and quantum dots. In addition, the inverse opal is known to 
improve the light-matter interaction because of the strong light 
scattering and increased path length travelled by the light in the 
electrode. [  7  –  9  ]  By using the as-fabricated photoanode, we suc-
cessfully demonstrated hydrogen generation via a photoelectro-
chemical process driven by near-infrared irradiation.  

 In a typical experiment, monodispersed polystyrene micro-
spheres of  ∼ 510 nm in diameter were self-assembled onto 
fl uorine-doped tin oxide substrates to form sacrifi cial opal tem-
plates by an evaporation-induced convective deposition method 
( Figure    1  a). [  10  ]  These polystyrene opal photonic crystals form a 
face-centered cubic lattice structure with a hierarchical long-
range order. Subsequently, TiO 2  was then infi ltrated through 
the opal templates by an atomic layer deposition method. [  11  ]  As 
demonstrated in our previous works, [  7–  9  ,  12  ]  a near-theoretical 
fi lling fraction can be achieved through the conformal coating 
process. The TiO 2 -infi ltrated opal templates were then sub-
jected to pyrolysis at 450  ° C to thermally remove the polystyrene 
spheres, leaving behind the TiO 2  inverse opal photonic crystals 
with an anatase phase and 6  μ m in fi lm thickness (Figure  1 b).  

 The photonic crystals show wide pore interconnectivity 
and hierarchically ordered periodicity. These are important 
attributes for the subsequent infi ltration of upconversion nano-
particles, sensitization of quantum dots, and penetration of 
electrolyte throughout the entire photoanode. In our proof-of-
concept experiment, upconversion nanoparticles composed of 
NaYF 4 :Yb 3 +  /Er 3 +  @NaYF 4  core-shell nanoparticles ( ∼ 30 nm) were 
used (Figure S1, Supporting Information). The core-shell nano-
particles, as previously reported, exhibit effi cient upconversion 
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     Scheme  1 .     A schematic representation showing the fabrication process for a porous hetero-
nanostructured photoanode.  
emission due to the surface coating. [  1h  ,  13  ]  The incorporation of 
these nanoparticles into the hetero-nano structured photoanode 
as a conformal layer enables the photo response investigation 
of the photoelectrochemical cells. The infi ltration of the nano-
particles was made possible through the capillary effect of the 
porous network under high vacuum, which allowed homo-
geneous distribution of the nanoparticles on the surface of the 
inverse opal (Figure  1 c, d). 

 Prior to the fi nal coating of quantum dots sensitizers, a thin 
layer of TiO 2  was deposited onto the nanoparticles by an atomic 
layer deposition technique (Figure  1 e, f). This coating ensures 
the continuation of TiO 2  matrix is made available for the inter-
facial contact with the subsequent quantum dots attachment, 
as it is pivotal in the process of keeping electron injection from 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
quantum dots to TiO 2 . After the deposition, 
an annealing step was required to crystallize 
TiO 2  but the temperature must be controlled 
to prevent the transformation of upconver-
sion nanoparticles from hexagonal to cubic 
phase. This is an important step as the 
emission intensity of the hexagonal-phase 
NaYF 4  is about 10 times stronger than that 
of its cubic counterpart. [  14  ]  Through X-ray 
diffraction measurements, we found that 
300  ° C is the optimal temperature to main-
tain hexagonal phase of the nanoparticles 
while crystallizing TiO 2  as the anatase phase 
(Figure S2, Supporting Information). It is 
noted that the nanoparticles adsorbed on the 
inverse opal can further increase the effec-
tive contact surface areas to achieve higher 
loading of quantum dots, which in turn 
results in higher interfacial contact area for 
the quantum dots with electrolytes and thus 
higher photocurrent. 

 To form a working electrode, we used 
CdSe quantum dots sensitizer to coat the 
hetero-nanostructures via a modifi ed suc-
cessive ionic layer adsorption and reaction 
route. [  15  ]  The as-prepared photoanode has 
maintained the ordered periodicity of the 
photonic crystals with surfaces uniformly 
covered by quantum dots (Figure S3, Sup-
porting Information). The three-dimensional 
periodicity arrangement has also been vali-
dated by specular refl ectance measurements 
(Figure S4, Supporting Information). This 
measurement is possible due to the highly 
periodic arrangement of spherical pores in 
the photonic crystal, which prohibits the 
propagation of light through the structure. 
This effect is known as photonic band-
gaps corresponding to the refl ectance peaks 
obtained in the specular refl ectance spec-
trum. In the case of TiO 2  inverse opal, the 
wavelength of refl ectance peak is centered 
at 897 nm. After the infi ltration of upconver-
sion nanoparticles, the peak shifts to 958 nm. 
For the fi nal coating of the quantum dots on 
the photoanode, the photonic stopband is centered at 1146 nm. 
Throughout various stages of materials infi ltration, the refl ect-
ance peaks are sharp and symmetrical and the corresponding 
intensities remain high. This indicates that a uniform coverage 
of upconversion nanoparticles and quantum dots has been 
achieved on the inverse opal and the structure integrity of the 
TiO 2  inverse opal is robust even after a series of material infi l-
tration and annealing steps. There is no anomaly observed for 
aggregation of nanoparticles or pore clogging. 

 When the photoanode is excited by near-infrared light, the 
upconversion nanoparticles emits green and red light, cor-
responding to  2 H 11/2 , 4 S 3/2  →  4 I 15/2  and  4 F 9/2  →   4 I 15/2  transitions 
of Er 3 +  , respectively (Figure S5, Supporting Information). [  1g  ]  
The emitted visible light is readily absorbed by the quantum 
heim Adv. Mater. 2013, 25, 1603–1607
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     Figure  1 .     Scanning electron microscopic images showing fabrication process of the three-
dimensional hierarchical nanostructured photoanode. a) Self-assembled polystyrene spheres 
formed on fl uorine-doped tin oxide glass. b) TiO 2  inverse opal photonic crystals fabricated by 
atomic layer deposition. c) Upconversion nanoparticles infi ltrated on the TiO 2  inverse opals. 
(Inset) Photograph of TiO 2  inverse opals (left) and upconversion nanoparticle-coupled TiO 2  
inverse opals (right). d) A magnifi ed image of c) showing the nanoparticles on the inverse 
opal surfaces. e) TiO 2  deposited on upconversion nanoparticles coupled TiO 2  inverse opals. 
f) A magnifi ed image of e).  
dot photosensitizer, which in turn injects electrons into TiO 2 . 
The whole process of excitation, emission, upconversion, and 
electron injection is illustrated in  Figure    2  . The visible light 
emission by nanoparticles and the concurrent absorption by 
quantum dots in an interconnected porous network present 
a favorable confi guration for the photoanode to exhibit high 
optical gain, thus increasing the photocurrent in the photoelec-
trochemical module.  

 The upconversion luminescence of the nanoparticles was 
measured before and after the addition of quantum dots to the 
hetero-nanostructures ( Figure    3  ). Without the quantum dots in 
the photoanode, the intensity of the green emission (522 nm 
and 540 nm) is higher than that of the red emission (653 nm). 
In contrast, upon coating of the quantum dots, the green emis-
sion is signifi cantly attenuated by more than 50% due to the 
strong absorption of the quantum dots for charge separation. 
The spectral absorption of CdSe quantum dots was shown by 
the diffuse refl ectance measurement where the bandgap absorp-
tion peak can be noticed at around 540 nm, which matches well 
with the emission of nanoparticles.  

 To demonstrate the use of upconversion scheme in a photo-
electrochemical module, the electrochemical performance of 
the hetero-nanostructured photoanode was investigated by 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2013, 25, 1603–1607
conducting the current vs potential meas-
urements under a dark and 980 nm diode 
laser excitation at a low power of 500 mW in 
a three-electrode cell confi guration. In addi-
tion, the measurements were also carried 
out for a working electrode which acts as a 
control group. This electrode consists of tita-
nium oxide inverse opal and CdSe quantum 
dots, and its fabrication procedures were the 
same as the one for the hetero-nanostructure 
but without the infi ltration of upconver-
sion nanoparticles.  Figure    4  a shows that the 
hetero-nanostructured photoanode exhibits a 
photocurrent of 0.02 mA upon near-infrared 
laser excitation, indicating an effi cient 
process of conversion of sub-bandgap energy 
by upconversion nanoparticles to visible light 
and subsequent absorption by quantum dots 
for charge separation. Both the current–
potential measurement and upconversion 
photoluminescence measurements verify 
that the generated photocurrent is attributed 
to the photon upconversion in the photoelec-
trochemical cells. The onset potential and 
the rise of photoresponse with increasing 
bias voltage are the typical measurements 
observed for the photoelectrochemical photo-
anode. Figure  4 b shows the amperometric 
(current–time) curve which indicates fast 
photoresponse and good photostability of the 
photoanode.  

 In conclusion, we have demonstrated a new 
method to utilize upconversion nanoparticles 
in a hetero-nanostructured photo anode for 
enhanced near-infrared light harvesting. We 
show that upconversion is responsible for the 
observed photoresponse upon near-infrared exposure. This is 
the fi rst demonstration of photoelectrochemical electrodes with 
upconversion nanoparticles embedded in porous photonic crys-
tals. The interconnected pores of the photonic crystals render the 
nanoparticles spatially positioned in close proximity to the CdSe 
quantum dots, leading to an enhanced energy transfer and light 
harvesting. This proof-of-concept is highly applicable to other 
types of solar cells such as thin-fi lm, liquid-junction and organic 
solar cells where infrared photons with sub-bandgap energies 
can be harvested for improved photon-to-electricity conversion 
effi ciency by broadening the spectral response. 

  Experimental Section 
  Fabrication of TiO 2  inverse opal/upconversion nanoparticle/TiO 2  hetero-

nanostructured photoanode : TiO 2  inverse opal photonic crystals were 
immersed into a dispersion of upconversion nanoparticles to absorb 
the nanoparticles onto the TiO 2  internal surfaces. Subsequently, the 
as-prepared electrode was dipped into deionized water to remove excess 
nanoparticles on the surface of the inverse opals, and then dried in 
vacuum. The process was repeated for several times to obtain desired 
loading of nanoparticles. The electrode was then transferred in an atomic 
layer deposition reactor for TiO 2  deposition. 
1605wileyonlinelibrary.comheim
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     Figure  3 .     Upconversion emission spectra of upconversion nanoparticles 
infi ltrated TiO 2  inverse opal before and after the coating of CdSe quantum 
dots. Diffuse refl ectance measurement shows the strong visible light 
absorption of CdSe (dashed and solid lines correspond to data obtained 
before and after sensitization, respectively).  

     Figure  2 .     a) Schematic of energy fl ow in the as-prepared hetero-nanostructures from upcon-
version nanoparticles to visible light-absorbing CdSe nanoparticles to TiO 2  Inverse Opals 
upon near-infrared photoexcitation. b) Energy diagram illustrating the charge injection from 
the excited CdSe into TiO 2  and the transport of photoinjected electrons to the electrode 
surface for hydrogen generation.  
  CdSe quantum dot sensitization of hetero-
nanostructured photoanode : CdSe quantum dots 
was the last layer of material deposited on the 
hetero-nanostructure. The process was carried out 
by a successive ionic layer adsorption and reaction 
deposition method. [  15  ]  In a typical procedure, the 
TiO 2  inverse opals/upconversion nanoparticles/TiO 2  
electrode was fi rst immersed into an ethanol solution 
of cadmium acetate dihydrate (Cd(Ac) 2  · 2H 2 O, 
50 mM, Alfa Aesar, 98%) for 1 minute to adsorb Cd 2 +   
onto TiO 2  surfaces. It was then rinsed with ethanol to 
remove excess Cd 2 +   and dried under N 2  gas stream 
in an argon atmosphere. Subsequently, selenium 
(Se, Sigma-Aldrich, 99.8%) and sodium borohydride 
(NaBH 4 , Sigma Aldrich, 99.8%) were mixed in water 
to prepare an aqueous solution containing 50 mM of 
Se 2 −  . The electrode was then dipped into this mixed 
solution for 1 min, rinsed with ethanol and dried in 
an argon atmosphere. Here, the Cd 2 +   reacted with 
Se 2 −   to form semiconductor quantum dots CdSe. The 
cycle fi nishes by rinsing of the electrode in ethanol to 
remove excess ions and drying under N 2  gas in the 
argon atmosphere. This cycle was repeated for several 
times to achieve a desirable CdSe loading. Finally, 
the quantum dots photosensitized electrode was 
annealed at 300  ° C for 30 min in an argon atmosphere 
to improve the material’s crystallinity. 

  Materials Characterizations : The microstructure of 
the hetero-nanostructured photoanode was analyzed 
by using a fi eld-emission scanning electron microscope 
(JEOL JSM-7600F) and transmission electron 
microscopes (JEOL JEM 2100F and 1400). The X-ray 
diffraction pattern of the materials was measured by 
a Shimadzu thin fi lm diffractometer equipped with 
Cu-K α  radiation. The specular refl ectance spectra were 
collected at 20 °  with respect to the normal incidence 
of light using a UV–vis–NIR spectrophotometer 
(Cary 5000). Upconversion luminescence spectra 
were measured by exciting samples at 980 nm using 
a diode laser. The emissions were then collected 
and dispersed using a monochromator (Princeton 
Instruments 2300i). The signals were monitored with 
a thermoelectrically cooled CCD (PIXIS 100).  
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     Figure  4 .     a) Linear sweep voltammetry measurements of the hetero-
nanostructured photoanode and a working electrode without upconver-
sion nanoparticles, collected both in the dark and under 980 nm laser 
diode excitation powered at 500 mW. b) Amperometric curve of the CdSe 
quantum dot-sensitized hetero-nanostructured photoanode at an applied 
potential of 0 V versus Ag-AgCl under a laser diode excitation of 980 nm 
powered at 500 mW with 50 s laser on/off cycles.  
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