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Hierarchical structures with different length scales, which
appear in many animals and plants, play important roles in their
structural and functional integrity [1,2]. These structures endow
their host animals and plants with intriguing properties including
super-hydrophobicity, reversible adhesion as well as mechanical or
optical properties. Efforts also have been devoted to introducing
bio-inspired hierarchical structures for solar cells to enhance their
energy utilization efficiency. Among the various structures, inverse
opal structure with controllable light utilization is considered as
one of the most important structural designs for photo-anode
materials [3]. However, it is still an open question whether a hier-
archically ordered inverse opal structure can be obtained to further
increase the charge injection and regeneration efficiency [4,5],
which hinders the further understanding on the structure-effi-
ciency relationship.

Recently, Yang et al. [6] reported their research progress in dye
sensitized solar cells (DSSCs) with hierarchical structures. By pre-
cisely controlling the fabrication process, they prepared a film that
had an inverse opal structure with meso-pores (IOM), which
enhanced the efficiency of solar cell by improving both light uti-
lization and charge transport.

In a typical DSSC device, the incident photon to current effi-
ciency (IPCE) follows:

IPCE = LHE - (pinj : (preg “MNees (l)

where LHE is the light harvesting efficiency, ¢i; and ¢, are the
efficiency of electron injection and regeneration, respectively, and
Ncc is the efficiency of charge collection [7].

To enhance light utilization, they discovered that light reflec-
tion region can be continuously tuned from ultraviolet to visible
light by adjusting the macro-pore size of IOM structure. More
specifically, IOM with macro-pore size of 195 nm showed the high-
est light scattering ability in the visible light region, and IOM with
macro-pore size of 285 nm exhibited the best reflection in the UV
region. Systematic analysis revealed that these IOM structures
played different but important roles in enhancing efficiencies in
DSSCs and improving catalytic performance in hydrogen evolution
reaction (HER). For DSSCs, electrons can only be excited by light in
a certain region. For instance, N719 dye has abundant light absorp-
tion in the range of 400-600 nm. Hence, a perfect IOM film should
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effectively reflect light within this wavelength region to increase
the light harvesting efficiency of the dye. The authors discovered
that the IOM structure with a macro-pore size of 195 nm perfectly
met the requirement, which brought the highest reported effi-
ciency in DSSCs in their system. In the case of HER, where dye is
not involved in the system, electrons are induced by the semicon-
ductor (e.g., TiO,) itself. Hence, the light reflection region of IOM
should be excluded from the light absorption region of TiO,. As a
counterexample, IOM structure with macro-pore size of 285 nm
presented the best reflection within the wavelength region of
300-400 nm, which led to the worst HER performance (Fig. 1).

Furthermore, as light utilization has been improved by I0M
structure, the efficiency of DSSCs can be further enhanced by
improving the electron injection and regeneration efficiency
(pinj and ¢reg). Hence, ordered meso-porous channels were intro-
duced. These channels were confined within the walls of macro-
pores, which further increased the accessible surface area of the
film and thus enhanced dye adsorption. Also, the ordered meso-
porous structure improved the charge transport efficiency between
photo-anode and electrolyte, and hence enhanced dye regenera-
tion, which is analogous to the blood capillary in animal body. At
this stage, by adopting this dually ordered structure, i.e., meso-
ordered and macro-ordered, the efficiency of solar cell has been
improved due to the enhanced light utilization, charge injection
and regeneration capability.

The authors also noticed this [OM structure would increase the
resistance of charge transport. And then, this problem was solved
by the integration with r-GO. The good conductivity of r-GO can
effectively increase the charge collection efficiency (#cc) and
decrease the transport resistance [8]. Thus, the efficiency of DSSCs
was further improved.

In summary, a topologically ordered hierarchical structure was
successfully introduced into solar cell. With precise control of the
structure, on the one hand, light harvesting was increased by
macro-structures; on the other hand, charge transport and dye
adsorption was improved by meso-structures. However, more
questions remain unsolved: how to reduce the contact resistance
between different layers? How to improve the mechanical strength
of the film? Also, how to find a balance between reflection and
absorption is another interesting open question and emerges as a
new research topic for the further application of solar energy. By
understanding and designing more complicated and delicate hier-
archical structures, various synergistic effects can be introduced
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Fig. 1. (Color online) Top view (a) and side view (b) of the dually ordered porous photoanode. Macro-porous-ordered structure can improve light utilization (diameter @,
dependent), while meso-porous-ordered structure can enhance charge diffusion and dye loading. The dually ordered structure increase the efficiency synergistically. The
embedded reduced graphene oxide (r-GO, network structure in (b) can further collect and transport the photo-excited electrons. These benefits all improved the efficiency of

DSSCs.

into this system, which would inspire new ideas for other energy
and environment research as well.
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