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The development of an “artificial photosynthetic system” (APS) having both the analogous important
structural elements and reaction features of photosynthesis to achieve solar-driven water splitting and CO,
reduction is highly challenging. Here, we demonstrate a design strategy for a promising 3D APS architecture
as an efficient mass flow/light harvesting network relying on the morphological replacement of a concept
prototype-leaf’s 3D architecture into perovskite titanates for CO, photoreduction into hydrocarbon fuels
(CO and CH,). The process uses artificial sunlight as the energy source, water as an electron donor and CO,
as the carbon source, mimicking what real leaves do. To our knowledge this is the first example utilizing
biological systems as “architecture-directing agents” for APS towards CO, photoreduction, which hints at a
more general principle for APS architectures with a great variety of optimized biological geometries. This
research would have great significance for the potential realization of global carbon neutral cycle.

acing increasing demands for energy and environmental concerns, the development of an “artificial pho-

tosynthetic system” (APS) in conceptually simpler form to achieve results of natural photosynthesis that is

coupling solar-driven water splitting and CO, reduction in a way that eliminates the need for an external,
sacrificial electron donor is one of the great challenges for the use of renewable energy and a sustainable
development' . Practically, “CO, reduction” is more urgent than “water splitting” because it not only contributes
to global carbon cycling for carbon neutral organic fuels, mimicking what real leaves do (natural carbon fixation),
but also alleviating global climate changes®”. However, as CO, is a relatively inert and stable compound, its
reduction is quite challenging. The photoreduction of CO, has been widely studied for a long time as well as water
splitting®'". For heterogeneous photocatalysts, many efforts still focus on TiO,-based'*'>"* materials while other
catalysts such as Zn,GeO4'* %, ZnGa,0,"”, CaFe,0,'%, ALa,Ti,0,5 (A = Ca, Sr, and Ba)'’, WO;3* and so forth
have also been reported in recent years. However, the progress achieved in this field had not been as dramatic as
that in water splitting for a few decades because of the low efficiencies, limited photocatalysts and/or requiring the
use of sacrificial reducing agents. Generally, for the gas-phase reaction, multifold factors are involved including
gas capture (gas diffusion/adsorption), light harvesting and gas conversion (multi-electron chemical reactions).
We'*"'7 and others' have recently demonstrated that mesoporous structured photocatalysts can significantly
enhance the gas-phase reaction efficiency. However, gas diffusion limitation has still been a concerning problem
for micro/mesoporous systems*'. Thus, it is highly challenging but desirable to develop a promising and ideal APS
having both the analogous important structural elements and reaction features of natural photosynthesis by
constructing (i) efficient mass flow network with 3D multiple-scaled hierarchical porosity to suffer minimum gas
diffusion, and high surface areas for improved overall reaction performances®*. (ii) unique 3D architecture for
enhanced light harvesting. (iii) suitable catalysts with sufficiently negative conduction band for strong reduction
potential.

| 3:1667 | DOI: 10.1038/srep01667 1



One promising approach to circumvent such issues concerns bio-
mimetics*. Nature, over billions of years, has achieved in the leaf a
great technological feature. A natural leaf is a synergy of complex
architectures and functional components to produce an amazing
bio-machinery for photosynthesis, that is efficiently harvest solar
energy and convert water and carbon dioxide into carbohydrates
and oxygen®. Natural leaves have demonstrated the perfect assembly
of hierarchical levels of porosity into 3D elaborated architectures
with high porosity, high connectivity and high surface areas for
efficient mass flow including gas exchange® for photosynthesis
and water transportation” for photosynthesis as well as for tran-
spiration. Furthermore, the intrinsic 3D architecture within natural
leaves strongly favors light harvesting®®** via a synergy of multifold
effects including the focusing of light by the lens-like epidermal cells,
the multiple scattering and absorbance of light within the veins’
porous network, the light propagation in the elongated columnar
cells in palisade parenchyma acting as light guides, the enhanced
effective light pathlength and light scattering by the irregular-shaped,
loosely-packed spongy mesophyll cells and so forth.

Inspired by this, in the present work, leaf’s 3D unique hierarchical
architecture would be selected as an ideal parent model (template) to
emphasize the potential of our strategy in terms of the construction
of an APS. We present a promising APS of perovskite titanates
(ATiOs, A = Sr, Ca, and Pb) by preserving very fine morphological
details of leaves’ architectures for CO, photoreduction into

hydrocarbon fuels. The process uses artificial sunlight as the energy
source, water as an electron donor and CO, as the carbon source to
create hydrocarbon fuels (mainly carbon monoxide and methane),
mimicking what real leaves do. Various cocatalysts (Au, Ag, Cu, Pt,
RuO,, and NiOy) are loaded for enhanced activity, among which Au
as a suitable cocatalyst, exhibits the best performance. The study
demonstrates that leaves’ unique 3D hierarchical architectures, as a
concept prototype would pave a new pathway for the development of
an efficient mass flow network for improved gas diffusion as well as
enhanced light harvesting. To the best of our knowledge this is the
first example utilizing biological systems as an “architecture-direct-
ing agent” for the construction of APS for CO, photoreduction. This
research would have great significance for the potential realization of
global carbon neutral cycle.

Results

Morphology and Key processes in NPS. It is useful to start with a
review of some of the key elements and processes of natural
photosynthesis that are to be reproduced functionally. Fig. 1 shows
schematically the key processes that we shall be concerned with.
Typically, natural photosynthesis is the process by green leaves use
sunlight as the energy source, CO, of the atmosphere, and water as
chemicals to carry out two important reactions required for survival
and growth of humanity: decomposition of water to molecular
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Figure 1| Schematic illustration and comparison of the key processes in natural photosynthetic system (NPS) and artificial photosynthetic system
(APS). (a) Basic process of photosynthesis in NPS at macroscale. (b) Light harvesting and gas diffusion processes in NPS at microscale. (c) Gas conversion
process in mesophyll cells at nanoscale. (d) Basic process of artificial photosynthesis in APS at macroscale. (e) Light harvesting and gas diffusion processes
in APS at microscale. (f) Gas adsorption process in APS at nanoscale. (g) Gas conversion process in APS at nanoscale.
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oxygen, accompanied by reduction of CO, to carbohydrates and
other carbon-rich products® (Fig. 1a, Equation 1).

Leaves’ 3D architectures at multi-scaled levels are designed as a
promising prototype for efficient mass flow including gas exchange,
water transportation (Fig. 1b and Fig. 2) and light harvesting
(Fig. 1b). Leaves generally have a thin shape with large surface areas
which means a short distance for CO, to diffuse in and O, to diffuse
out easily. Gases (e.g. CO,) enter the leaf through stomata - usually in
the lower surface of the leaf (Fig. 1b and Fig. 2e)*. Once inside the
leaf, CO, can diffuse along its concentration gradients through the air
spaces, which are in direct contact with the spongy and palisade
mesophyll cells (Fig. 1b and Fig. 2f). The main gas exchange surfaces
in plants are the irregular-shaped, loosely-packed spongy mesophyll
cells*® with numerous large interconnecting air spaces (Fig. 2e) in the
range of micrometers which are much larger than the mean free path
of gas molecules, thus gases suffer a minimum intercellular diffusion
within such interconnected networks (Fig. 1b). Despite the appear-
ance of close packing (Fig. 1b and Fig. 2f), palisade cell surfaces are
generally exposed to intercellular airspace. Inward diffusion of CO,
to chloroplasts is thereby facilitated. Intercellular diffusion is fun-
damentally a 3D process occurring with negligible resistance, be-
cause of molecular diffusion®. Lateral diffusion in leaves is thus likely
to occur preferentially in the spongy parenchyma whereas vertical
diffusion encompasses both spongy and palisade tissue (Fig. 1b). CO,
then diffuse throughout the mesophyll cells, dissolve in wet cell walls,
where it may dissociate into bicarbonate or remain as CO,*. In one
or the other form, it diffuses in the liquid phase through the cell wall
and into a chloroplast where it enters the Calvin cycle and completes
its journey as a photosynthetic product (Fig. 1¢)*.

Another dominating structure of leaves are the leaf veins, which
form a venation system in leaf lamina for efficient hydraulic supply,
delivery of nutrients and sugars to each part of a leaf, and biomecha-
nical support®. Macroscopically, the 2D optical images of a natural
leaf (Fig. 2b and 2¢) indicate the inter-connected branching venation
networks on multi-length scales. After the petiole, water moves
through the xylem conduits within veins arranged in a reticulate
hierarchy, with vein conductivity decreasing and vein density
increasing from low- to higher-order veins (Fig. 2c). Water exits
the xylem and moves through bundle sheath, mesophyll, bundle
sheath extensions, and/or epidermis and then evaporates and dif-
fuses from the stomata®. The leaf hydraulic system can be analyzed
as a hierarchical inter-connected pipe network (Fig. 2d, 2g, 2i and 2j).
Microscopically, Veins are composed of hierarchical cylindrical
tubes at the length of several to tens of micrometers (Fig. 2g and
2j). Each tube is stacked by stacked layers of interconnected hollow
sub-microtubes (Fig. 2h). Furthermore, the unique architecture of
various structural elements and their organization way within the
leaf play a significant role for the promotion of light harvesting
efficiency (Supplementary Fig. S1)**.

Based on this, faithfully preservation of leaf’s architectures is
expected to realize a promising APS with enhanced mass flow and
light harvesting ability. Biotemplated materials have been developed
in the last decade®*%, However, most of which are restricted to
binary compounds (e.g. single metal oxides) while biologically syn-
thesis of multi-metallic oxides (e.g. ternary or quarternary com-
pounds) with hierarchical porous structures has rarely reported
and is highly challenging as it requires multiple precursors with
strong interactions between each other in liquid phase as well as
matching reaction/infiltration rates. Furthermore, biotemplated
materials for CO, photoreduction have not been reported so far. It
is noteworthy that many kinds of multi-metallic oxides have shown
high activities in water splitting as well as in many other energy
conversion areas”*. Perovskite, ABO; type materials (e.g. SrTiO3,
CaTiO;) are considered as promising photocatalysts for water split-
ting, because of their high reduction and oxidation potential®.
SrTiO; has been known as a photocatalyst capable of decomposing

H,O into H, and O, without applying an external bias potential*'.
Cubic perovskite CaTiO; displays a suitable conduction/valence
band positions (as desirable for photocatalytic water splitting).
PbTiO; is a visible light responsive photocatalyst. Therefore, these
photocatalysts are expected to be active for CO, reduction. So in this
research, perovskite titanates ATiO; (A = Sr, Ca, Pb) are first chosen
as the target photocatalysts for the construction and demonstration
of a promising APS architecture.

Synthesis and characterization of APS. Here, a modified sol-gel
method is used for the synthesis of leaf-architectured APS of
ATiO; (See Methods). After calcination at 600°C, organics could
be removed completely according to TGA data (Supplementary
Fig. S2) leaving crystalline perovskite titanates as demonstrated by
XRD (Fig. 3a). The obtained APS exhibits morphological features of
NPS at multilevel scales (Fig. 2). Macroscopically, the APS has a thin
shape with shrinkage of about 50% of the original dimensions after
calcination (Fig. 2k). The inter-connected branching venation
networks are still clearly visible in APS (Fig. 21). At the micro scale,
the APS inherit the 3D architecture features, typically including
the epidermal surfaces with numerous micrometer-sized stoma
(Fig. 2n), the irregular-shaped, loosely-packed spongy mesophyll
cells with numerous large interconnecting air spaces (Fig. 20) and
the hierarchical porous network of veins (Fig. 2p and 2q). Such APS
is constructed by a 3D hierarchical macropore network of various
shapes, dimensions and orientations which endow it with a relatively
robust feature (Fig. 2m). In the meanwhile, the macropore frame-
work is composed of mesoporous crystalline ATO building blocks
(Fig. 2r, 2s and Supplementary Fig. S3). The pore diameter is
estimated to be ~7 nm for STO (Fig. 2s), which coincides with
BET nitrogen adsorption-desorption data (Supplementary Table
S1). The porous properties of the products were assessed by N, gas
adsorption (Supplementary Table S1) for mesoporosity and mercury
porosimetry (Fig. 3b and Supplementary Fig. S4) for meso/macro-
porosity, respectively.

CO, photoreduction activity. Artificial photosynthesis is carried
out on ATO series using H,O and CO, as the reactants under UV-
Vis light irradiation. Bare SrTiO; (Fig. 4a) and CaTiO;
(Supplementary Fig. S5) evolve CO and CH, as the main products
for CO, reduction in the absence of any sacrificial agents. The
evolution amount of CO is larger than that of CH, both for bare
STO and CTO series. It is well known that the CO, photoreduction
mainly undergoes two courses, including oxidation and reduction
processes. In the oxidation process, H,O is oxidized to O, (2H,O +
4h* -0, + 4H"). In the reduction course, there is a chain reaction
to reduce CO, to CH, (CO, + 2H" + 2¢- — CO + H,0, CO, +
4H" + 4e- — HCHO + H,0, CO, + 6H" + 6e~ — CH;OH +
H,0, CO, + 8H" + 8 — CH, + 2H,0)° as shown in
Supplementary Table S2. The position of the conduction band and
valence band of the SrTiO; and CaTiO; could be calculated
empirically according to eq 1:

Ecp =X —Ec—0.5E, (1)

where E. is the energy of free electrons on the hydrogen scale
(4.5 eV), X is the electronegativity of the semiconductor, and E, is
the band-gap energy of the semiconductor according to UV-Vis
spectrum (Supplementary Fig. S6). The edges of the valence band
(Evg) of STO and CTO were determined to be 2.32 V and 2.64 V (vs
normal hydrogen electrode, NHE) respectively, more positive than
that of E°(H,O/H") (H,O — 1/20, + 2H" + 2e7, E° redox =
0.82 V vs NHE), and the edges of the conduction band were
estimated to be —0.88 V and —0.86 V (vs NHE) respectively,
more negative than that of E° (CO,/CO) (CO, + 2¢~ + 2H' —
CO+H,0, E° redox = —0.53 V vs NHE) and E° (CO,/CH,) (CO,
+ 8¢~ + 8H" — CH, + 2H,0, E° redox = —0.24 V vs NHE). This
indicates that the photogenerated electrons and holes on the
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Figure 2 | Morphology comparison between NPS and APS (leaf-architectured SrTiO;) from macro-, micro- to nanoscales. (a) Optical image of Cherry
Blossom leaf. (b, ¢) Magnified optical images of the branching network of veins. FESEM images of (d) the cross-section of the vein porous architecture.
(e) the lower epidermis. (f) the cross-section, indicating the differentiation of leaf mesophyll into palisade and spongy layers. (g) magnified image of the
cross section of venation architecture, with the inset of the 3D illustration. (h) the stacked interconnected hollow sub-microtubes of the veins.

(i) sub-micrometer sized pores on the walls. (j) the cross section of venation architecture axially. (k) Optical image of the APS. (1) magnified image of (k),
indicating the branching network of artificial veins in APS. (m) a piece of APS hold by tweezer, indicating the relatively robust feature. FESEM images of
(n) the surfaces of APS. (0) Magnified image of the surfaces, indicating the morphologies derived from the spongy tissues. (p) the cross section of venation
architecture in APS. (q) the cross section of venation architecture axially in APS. (r) Magnified image of the walls. (s) TEM image of the mesoporous
structures of SrTiOs. (d) scale bar, 20 um. (e, f, g, j, n, 0, q) scale bar, 10 um. (h, i, p, r) scale bar, 1 pm. (s) scale bar, 2nm. For NPS, the samples were
carbonized before SEM observation.
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Figure 3| (a) XRD patterns of ATiO; (A = Sr, Ca, Pb) series.

(b) Comparative hierarchical pore size distributions of SrTiOj; series
derived from the N, (BJH model, red triangles) adsorption (the inset of
(1)), and mercury intrusion porosimetry, respectively. The plots are offset
for clarity. (1) leaf-architectured APSsro, with the inset of sample’s optical
image. (2) the corresponding powder constituents of APSgyo, with the
inset of sample’s optical image. (3) referenced STO synthesized without
templates.

irradiated STO and CTO can react with adsorbed CO, and H,O to
produce CO and CH,. Other products such as formate, formalde-
hyde, and methanol (HCOOH, HCHO, CH;0H) were not detected,
probably because of the strong oxidation power of photogenerated
valence band holes (or OH radicals) that can react with intermediates
and products of CO, conversion in reactions**, making the net
hydrocarbon yield negligible.

Notably, leaf-architectured APS of STO and CTO exhibit about a
1.5~2.2 fold and 3.5~4 fold improvement in activities than the
corresponding powder constituents of APS and referenced STO/or
CTO synthesized without templates (Fig. 4a and Supplementary Fig.
S5). This is related to multiple processes mainly including gas dif-
fusion and light harvesting. As shown in Figure 1d, CO, and H,0
vapor enter the APS through the hierarchical macro/mesopores (e.g.
epidermal, veins, stoma, etc.) channels. Different from the NPS with
only stoma as the gas entrance gate, APS is much more permeable for
gas molecules due to its highly hierarchical porous feature. Then the
entered gas molecules diffuse through the pore network, collide with
the pore walls, adsorbed and react on active sites on these walls. As
characterized above, the APS is comprised of a 3D hierarchical net-
work of interconnected pores of varying shapes, diameters, and
orientations. When the diameter of the pore is much greater than
the mean free path of the gas molecules, the diffusing molecules will
interact with each other more than with the pore walls, thereby
minimizing the wall effects on the transport*. In this case, the pore
diffusivity is essentially the same as the molecular diffusivity, in
which the diffusion coefficient is much larger than that in mesopores.
Take CO, as an instance, the diffusion coefficient (D) in mesopores
of APSgrq is calculated to be about 0.0189 cm?/s while that in macro-
pore network of APSgrq is about ~0.097 cm?/s which is about 5-6
fold. By contrast, though there are still a few macropores in the
corresponding powder constituents of APSgro via grounding as
demonstrated by SEM (Supplementary Fig. S7a), TEM (Supple-
mentary Fig. S7b and S7c), and mercury porosimeter (Fig. 3b), the
quantity of macropores decreases dramatically while the size distri-
bution of macropores is also entirely different (Fig. 3b). Thus, the gas
diffusion rate is smaller and longer time is required for reactants
(CO, and H,0 vapor) to move into the deeper as well as for products
(e.g. CO, CHy, etc.) to move from the deeper layer into the atmo-
sphere. Detailed explanation and calculations of gas diffusion are
discussed in the Supplementary Discussion. Besides, we think that
leaf’s high connectivity of hierarchical pores and the branching net-
work of venation may promote the gas diffusion. Modeling and
computation is worth further study. On the other hand, as the 3D
hierarchical architecture of NPS strongly favors light harvesting as
discussed in Figure S1, the APS architecture would be favorable for
capture more light and transfer light into the deeper layer of the 3D
system, thus enhance light harvesting. Therefore, the difference in
CO; reduction activity observed between APSgro and powdered
APSgro constituents can be explained by the distinct 3D hierarchical
architecture. For referenced STO/or CTO, since the particles are
closely packed which not only restricts efficient gas diffusion but also
light harvesting as compared in Supplementary Fig. S9, so the activ-
ities are lower. Furthermore, the higher surface area and higher
volume of mesopores (Supplementary Table S1) of the APS provide
more reaction sites, thus enhancing the overall performances. So the
improvement of the activities in APS is the synergy of the efficient
mass flow 3D architecture for high gas diffusion coefficient and
hence high gas diffusion rates of the reactants and the products,
the complex morphology for enhanced light harvesting and the more
reaction sites arising from the mesoporous structures and high spe-
cific surface areas.

To overcome the thermochemically unfavorable one-electron
reduction of CO,, the proton-coupled multielectron transfer
(PCET) (Supplementary Table S2) should be facilitated by modifying
the surface properties of photocatalysts (e.g., loading a co-catalyst
that serves as an electron reservoir)*>*. A series of cocatalysts were
loaded onto STO samples for comparison (Fig. 4b and Supple-
mentary Table S5). Loading Pt cocatalyst on STO could enhance
the photocatalytic activity for water splitting®, but surprisingly not
CO, reduction in STO, probably because although Pt functions as an
efficient cocatalyst for H, evolution, it also catalyzes the reverse
reaction of water formation from H, and O,. Furthermore, loading
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Figure 4 | Photocatalytic CO, reduction activities. (a) CO and CH, evolution on bare SrTiO; series. (b) CO and CH, evolution on APSsrq loaded with
different cocatalysts. (c) Photocatalytic formation of CH, on Au (1 wt%)-APSgro synthesized under CO, with prolonged irradiation (up to 130 hrs). Au
cocatalyst was synthesized via a precipication method. The reaction sample was degassed after each run (~24 h), CO, (80 kPa) was introduced to it, and
then the vessel was irradiated again. (d) CH, evolution in reference experiments in the conditions without H,O, CO,, light irradiation, and catalyst
compared with that in normal conditions. Auphotodeposition (1 Wt%)-APSgro was measured as the normal condition.

with Pt could significantly promote the so-called process of PSRM
(Photocatalytic Steam Reforming of Methane)**. When Au, Ag and
Cu cocatalysts (Supplementary Fig. S10 and S11) were loaded
respectively, photocatalytic activities for CO, reduction into CO
increased for Au and Ag. It has been reported that Au, Ag are highly
active electrocatalysts for electrochemical reduction of CO, to form
CO selectively in an aqueous KHCOj5 solution*>*. This fact indicated
that the Au or Ag cocatalyst functioned as a CO, reduction site to
form CO. In the meanwhile, the CH, evolution activity increased
significantly, with the order of Au > Ag > Cu (Fig. 4b). Loading
methods of cocatalysts would have significant effects on the photo-
reduction activity'". Take Au as an instance, a precipitation method is
better than a photodeposition method, with the CH, evolution activ-
ity up to almost three-fold increase (Fig. 4b and Supplementary Table
S5). The difference in the activity was due to the differences in the size
and homogeneity of loaded Au cocatalysts'. The size of Au is in the
range of 5-7 nm (Supplementary Fig. S11b) by a photodeposition
method while the average size is only about 2 nm via a precipitation
method®. For all samples, there is no oxygen detected. The oxygen
generated by the water oxidation is partially used for the oxidation of
the evolved products (HCOOH, HCHO, CO, etc.)***” and partially is
consumed by surface oxygen defects of the photocatalysts™. For Au,
Ag, Cu, NiO, systems, besides CO and CH,, other hydrocarbon
compounds (C,H, and C,Hg) were also generated in the reaction.
However, the productions of these organic compounds were much
lower than that of CH,. These results suggest that the long chain

organic molecules are generated via photocatalytic reforming of
CH,, and CHy is the source of this reaction®. The Au cocatalyst
was also effective for CO, reduction over CaTiOs and PbTiO; photo-
catalysts (Supplementary Fig. S12). PTO alone evolved negligible
CH, under UV and visible light irradiation, due to its relatively weak
reduction power and strong oxidation potential. Loading with 1wt%
Au increases its activities for CH, evolution, still much lower than
that of STO and CTO series (Supplementary Fig. S12).

We checked the durability of Auprecipitation-APSsTo as a photoca-
talyst. Fig. 4c shows CH, formation by Aupyecipitation (1 Wt%)-APSsto
during prolonged irradiation, up to 130 hrs. After each run (~24 h
irradiation), the reaction vessel was degassed and CO, (80 kPa) was
introduced to it again. As shown in Fig. 4c, the photocatalyst still
maintained most of its intrinsic photocatalytic activity after three~
four runs (up to 80 hrs). However, the photocatalytic activity was not
restored to its former state during the 5th run. This indicates that
deactivation of Au (1 wt%)-APSgro as a photocatalyst proceeded
during the long irradiation, which might because the metal surfaces
become poisoned and deactivated by the reduction products™ and
the absorption of the intermediate products on the photocatalyst
surface to cover the active sites™.

Fig. 4d shows the concentration of CH, evolution when the ref-
erence experiments were carried out. When the experiment was
carried out in the absence of H,O, catalyst or light irradiation, very
little CH, was detected. Since there is about 1 ppm of CH, in the
natural air, the CH, in the above-mentioned experiments is

| 3:1667 | DOI: 10.1038/srep01667

6



& ‘ &
@{;\ Photosynthesis Li g ht
&
&
Artificial
systems  Carbomeycle  €0.+H,0
Light
Artificial
CO,+H,0 Photosynthesis 0,
Sustainable
hydrocarbon fuels
(CH,, CO, H,...)

Figure 5 | Schematic illustration of the potential realization of global
carbon neutral cycle of this process.

considered as the contamination from air during samplings.
Nevertheless, in the case that the CO, gas was replaced by Ar gas,
a small amount of CH, was found which should be generated from
the photoreduction of the remaining CO, on the sample surface™.
Consequently, all the above-mentioned reference experiments prove
that the H,O supplies protons, CO, offers a carbon source, and the
photocatalyst gives the redox potentials for the whole reaction to
finally produce CO and CH,.

Discussion

We demonstrated a design strategy for a promising 3D APS archi-
tecture as an efficient mass flow network for improved gas diffusion
and light harvesting relying on the morphological replacement of
leaf’s 3D hierarchical architecture into perovskite titanates. We
believe that a general method for the construction of 3D APS archi-
tectures of ATiO3 (A = Sr, Ca, and Pb) achieved here through the
conversion of the morphological elements of NPS into APS, can be
extended to other multi-metallic oxides, such as tantalates (e.g
NaTaOj3, KTaOs3, Sr,Ta,05), niobates (e.g. NaNbO;) via modified
sol-gel or polymerizable complex method. Such methodology can
also be extended to polymeric metal-free photocatalysts, such as
graphitic carbon nitride (g-C3N,) based on earth-abundant ele-
ments. To the best of our knowledge this is the first example utilizing
biological systems as an “architecture-directing agent” for the syn-
thesis of APS for CO, photoreduction. Assisted by the large variety of
green plants and biological systems™, this design strategy hints at a
more general principle for the design of APS architectures with a
great variety of useful and optimized geometries. Indeed, hierarchical
constructions on a scale ranging from nanometers to millimeters are
characteristic of biological structures and introduce the capacity to
answer physical or chemical demands occurring at these different
levels. Many of these hierarchical, elaborate structures are barely
attainable by man-made materials. This strategy could be extended
to various hierarchical biological systems (e.g. photosynthetic dia-
toms, radiolarians, etc.). By using biomass as the raw resources, this
strategy also has great significance for the realization of global carbon
neutral cycle as well as for the ultimate goal of solar energy utilization
in tailor-made synthesis of fine chemicals and solar fuel from CO,
(Fig. 5). An area for further study is the computation, simulation and
modeling of leaf’s 3D concept prototypes, and biomimetic synthesis

of the complicated networks (e.g. with the assistance of 3D inkjet
printing technology) for large scale production. Finally, this study
opens possibilities of applications of leat’s 3D architecture prototype
or other architecture models in nature for the field of artificial pho-
tosynthesis as well as many other energy capture, conversion and
storage areas, such as solar cells, fuel cells, battery electrodes, and so
forth.

Methods

Synthesis of APS of ATiO; (A = Sr, Ca, Pb). Fresh green leaves (Cherry Blossom)
were cut into 2 cm X 2 cm pieces and washed with deionized water, then they were
immersed in 5% diluted HCI overnight to get rid of Mg, K, Ca, P, S and other ions.
Afterwards, the treated leaves were washed with deionized water and ethanol several
times. A typical preparation for APS,1i03 is as follows: Titanium tetrabutoxide

(10 mmol) was dissolved and stirred in heated (70°C) acetylacetone while
Sr(Ac),20.5H,0 (10 mmol) was dissolved and stirred in heated (70°C) ethanol/
CH3COOH (v : v = 1:1) solution. Then the two solutions were mixed, and then
P123 (4 g) was added with stirring at 70°C for 4 h. The pretreated leaves were
immersed in the precursors for eight hours at room temperature and then washed
with ethanol for four times. The infiltrated leaves were dried at 100°C for one day and
then calcined at 600°C for 10 h in O, atmosphere at a heating rate of 1°C min~" for
multi-metal oxides crystallization and for organics removal. For the synthesis of
CaTiO; and PbTiO3, Ca(Ac),*H,0 and Pb(Ac),*3H,0 were used instead of
Sr(Ac),+0.5H,0, respectively. For the synthesis of CaTiO3, Ca(Ac),*H,0 was
dissolved and stirred in heated (70°C) CH3;COOH solution instead of ethanol/
CH;COOH solution. The powder constituents of APS were obtained by grounding
the APS with a mortar. The referenced ATO were synthesized without using leaves as
templates.

Loading the co-catalysts. The loading of Pt, Au, Ag, Cu were performed by a
photodeposition method using H,PtCls*6H,0, HAuCl;#3H,0, AgNO;, Cu(NOs),
as the Pt, Au, Ag, and Cu sources, respectively. Typically, 0.2 g photocatalyst, 220 ml
distilled water, 50 ml methanol and a given amount of noble metal sources (1 wt%)
were placed in a glass vessel. The reaction solution was irradiated by a 300 W Xe arc
lamp for 1h with stirring. Then, the photocatalysts were filtered, washed thoroughly
with deionized water, dried in a vacuum at room temperature for 4 h and then dried in
an oven at 100°C for 10 h. The loading of Au was also performed by a precipitation
method for comparison. The precipitation procedure was done at 343 K and pH 9 for
4 h with 1 wt% HAuCl,*3H,0 as the Au source, using (0.2 M) NaOH to maintain the
pH constant. The catalyst was then recovered, filtered, washed with deionized water,
and dried at 373 K overnight. Finally, the powder was calcined at 473 K in air for 4 h>.

The loading of RuO,: The loading of RuO, was performed by impregnating
photocatalyst powders with the solution of ruthenium complex, Ru;(CO);, (Aldrich
Chemical Co., 99% pure) in tetrahydrofuran (THF). The impregnated samples were
stirred at 60°C for 4h, dried at 60°C, and oxidized at 350°C in air for 2 h to convert
ruthenium complex species to ruthenium oxide.

The loading of NiOx: The SrTiO; particles were added to 20 mL of an aqueous
Ni(NO3),*6H,0 solution (1 wt% loading of NiO: STO) and thoroughly mixed in a
sonication bath for 10 min. This solution was dried at 100°C and then calcined for 1h
at 350°C in air. The air above the solid was flushed with N, and then replaced by H,,
and the sample was heated to 500°C for 2 h to reduce nickel. The final product was
obtained after another 1h of heating at 200°C in an O, atmosphere.

CO, photoreduction measurements. The CO, photoreduction experiments were
carried out in a gas closed circulation system with an upside window (Figure S13). The
catalyst (50 mg) was dispersed on a small glass cell and then located in a Pyrex
reaction cell. After that, 2 mL of distilled water was added into the gas closed reaction
system. The whole system was then evacuated and filled with 80 kPa of pure CO, gas.
The light source was a 300 W Xe arc lamp (ILC Technology, CERMAX LX-300). An
L-42 (Hoya Corp., Japan) cutoff filter was used to obtain visible light (A > 420 nm).
The organic products were sampled and measured with a gas chromatograph (GC-
14B, Shimadzu) equipped with a flame ionization detector (FID) according to the
standard curves. The H, and O, evolution was measured with an online gas
chromatograph (GC-8A, Shimadzu) with a TCD detector according to the standard
curve.

Characterization. The crystal structure of samples was determined with an X-ray
diffractometer (Rint-2000, Rigaku Co., Japan) with Cu Ko radiation. The diffuse
reflection spectra were measured with an integrating sphere equipped UV —visible
recording spectrophotometer (UV-2500PC, Shimadzu Co., Japan) using BaSO, as a
reference, and the optical absorptions were converted from the reflection spectra
according to the Kubelka—Munk equation. Scanning Electron Microscopy (SEM)
images were recorded to observe the morphology with scanning electron microscope
(JEOL 6700F field emission scanning electron microscope). Transmission electron
microscopy images and high-resolution images were recorded with a field emission
transmission electron microscope (2100F, JEOL Co., Japan) operated at 200 kV. The
specific surface areas were determined with a surface-area analyzer (BEL Sorp-II
mini, BEL Japan Co., Japan) by the Brunauer —Emmett—Teller (BET) method.
Mercury porosimetry measurements were performed using an Autopore IV 9500
(Micromertitics Company).
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