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A leaf is a free-standing photocatalytic system that can effectively
harvest solar energy and convert CO, and H,0O into carbohydrates
in a continuous manner without the need for regeneration or
tedious product extraction steps. Despite encouraging advances
achieved in designing artificial photocatalysts, most of them
function in bulk solution or on rigid surfaces. Here, we report on
a 2D flexible photocatalytic system based on close packed Janus
plasmene nanosheets. One side of the Janus nanosheets is hydro-
philic with catalytically active palladium, while the opposite side is
hydrophobic with plasmonic nanocrystals. Such a unique design
ensures a stable nanostructure on a flexible polymer substrate,
preventing dissolution/degradation of plasmonic photocatalysts
during chemical conversion in aqueous solutions. Using catalytic
reduction of 4-nitrophenol as a model reaction, we demonstrated
efficient plasmon-enhanced photochemical conversion on our
flexible Janus plasmene. The photocatalytic efficiency could be
tuned by adjusting the palladium thickness or types of constituent
building blocks or their orientations, indicating the potential for
tailor-made catalyst design for desired reactions. Furthermore, the
flexible Janus plasmene nanosheets were designed into a small 3D
printed artificial tree, which could continuously convert 30 mL of
chemicals in 45 minutes.

Solar energy is a clean, abundant and sustainable energy
source. In nature, plant foliage works as an excellent sunlight
harvester that captures solar energy to realize the conversion of
water and carbon dioxide (CO,) into carbohydrates and oxygen
(0,). This natural process stimulates the development of a
series of photocatalysts which could utilize energy of photons
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New concepts

We demonstrate a unique 2D flexible photocatalyst based on close packed
Janus plasmene nanosheets. Such Janus plasmene nanosheets intimately
integrated light-absorbing plasmonic and catalytically active materials
into one system and thus worked as both a sunlight harvester and catalyst
for the reduction of 4-nitrophenol (4-NP). The flexible control over the
plasmonic building blocks further allows an adjustable absorption range
of the catalysts for efficient utilization of solar energy. Particularly, the
Janus plasmene nanosheets distinctively feature one hydrophilic side
with palladium and one hydrophobic side protected by entangled
polymeric ligands. This distinct characteristic endows structural and
catalytic stability in aqueous solution without dissolution or
degradation of the photocatalysts and further allows a continuous
catalytic reaction. Such stability and recyclability are distinguishable
from present plasmonic nanostructure-based catalysts that are mostly
bulk solution-based with low catalytic stability and need tedious
regeneration processes. As a proof of concept, an “artificial tree” was
built by using the Janus plasmene nanosheets which can effectively
realize 30 mL-chemical conversion under sunlight irradiation. Our
present design of Janus plasmene nanosheets indicates potential
application in customizing 2D flexible photocatalysts for sustainable
solar-to-chemical conversion.

to drive many useful chemical reactions for solar fuel production,
decomposition of pollutants, and self-cleaning products." One
important prerequisite for solar to chemical energy conversion is
to develop photocatalysts with a high efficiency of solar energy
harvesting and the ability to drive chemical reactions in the
range of the solar spectrum, especially the visible to near-
infrared (NIR) region.>® Among various photocatalysts, plasmonic
nanostructures show great potential in the efficient utilization of
solar energy to drive chemical reactions. The unique localized
surface plasmon resonance (LSPR) of plasmonic nanostructures
covers a broad range from ultraviolet (UV) to near-infrared (NIR)
due to the interaction between light and free electrons on the
metal surface.*™®

It has been reported that the LSPR of plasmonic nanostruc-
tures has been successfully applied in facilitating the efficient
conversion of solar energy to chemical energy.”® For instance,
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bimetallic nanoparticles that consist of plasmonic and catalytic
metals including (gold core)@(ceria shell) nanostructures,’®
Au/Pd@mesoporous SiO, yolk-shell hetero-nanostructures,’
a Au/Pt bimetallic grating,'® Au/Ag core/shell nanorods,'!
Au NP-Pd/Ag nanoshell dimers,"”> and Pd-modified Au
nanorods® could effectively harvest visible light to enhance
the catalytic performance in oxidation reactions,"*" coupling
reactions'>'®'” or catalytic degradation of pollutants.'™"® The
effective absorption of solar energy by plasmonic nanostructures
could even allow a lower operating temperature in some of the
conventional oxidation reactions that normally run at high
temperature."* However, the catalytic performance of these plas-
monic nanocolloids could be drastically degraded by the small
molecules or polymeric ligands which are used to ensure their
stability in bulk solution."*** Furthermore, additional separation
processes are normally needed to recycle the catalytic nanoparticles,
resulting in possible irreversible aggregation of catalysts.

Inspired by the continuous photosynthesis enabled by
natural leaves, here we designed a 2D flexible photocatalyst
from Janus plasmene nanosheets to addresss the above challenges.
Such Janus plasmene nanosheets intimately integrated light-
absorbing plasmonic and catalytically active materials into one
system and thus worked as both a sunlight harvester and
catalyst for the reduction of 4-nitrophenol (4-NP). The flexible
control over the plasmonic building blocks further allows us to
tune the absorption range of the catalysts for efficient utiliza-
tion of solar energy. It is worthy of note that the as-designed
2D structure distinctively featured one hydrophilic side with
catalytically active Pd and one hydrophobic side protected
by entangled polymeric ligands. Thus, it showed excellent
structural and catalytical stability in aqueous solution without
dissolution or degradation of the plasmonic photocatalysts
from the substrate. As a proof of concept, we designed an
“artificial leaf” by conformally immobilizing our ultrathin and
soft Janus plasmene nanosheet on a flexible polymer substrate
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and further assembled them into a 3D printed “artificial tree”
which could realize an effective conversion from solar energy to
chemical energy in a continuous manner.

Results and discussion

Fabrication of Janus plasmene nanosheets

We began with the fabrication of 2D plasmene nanosheets
through a two-step drying-mediated self-assembly method
using gold nanocubes (Au NCs) as the model building
block.”" In brief, the Au NC nanoparticles were firstly functio-
nalized with thiol-terminated polystyrene (SH-PS) via a ligand
exchange method.”” The ultrathin 2D plasmene nanosheets
(Fig. 1a) were then formed on a Si wafer by a drying-mediated
air-water interface self-assembly process. Cross-section (Fig. 1b)
and top-view (Fig. 1c) scanning electron microscopy (SEM) images
confirmed a highly ordered, closed-packed and one-particle thick
structure of the obtained 2D plasmene.

To fabricate the Janus plasmene nanosheets, we adopted
our recently developed ligand symmetry breaking approach.??
Taking advantage of the “masking” effect from the substrate
(Si wafer), we could selectively expose one side of the Au NC
surfaces (Fig. 1d) by removing PS from the air-facing side
through air plasma treatment. SEM images indicate that there
is no obvious destruction of the structures of the plasmene
nanosheets (Fig. 1e and f). The exposed Au NC surfaces then
served as the site for the deposition of catalytic palladium (Pd)
(Fig. 1g).** Fig. 1h and i show that Pd was preferentially
deposited on the exposed Au NC surface, giving an asymmetric
structure. Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM)-energy-dispersive X-ray
spectroscopy (EDX) images (Fig. 1j-m and Fig. S1, ESIt) further
confirmed the Janus morphology and compositional distribution
on different sides of the as-prepared 2D plasmene nanosheets.

Fig. 1 Fabrication of Janus plasmene nanosheets. (a, d, and g) Scheme of fabricating Janus plasmene nanosheets. Cross-section SEM image of
(b) PS-capped, (e) one-side exposed and (h) Janus plasmene nanosheets on a Si wafer and (c, f, and i) their corresponding top-view SEM images.
(j) Dark-field TEM images of individual Janus NPs and (k—m) corresponding EDX elemental mapping images (red: Au; green: Pd). (Scale bar: 50 nm for

SEM, 20 nm for TEM.)
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X-ray photoelectron spectroscopy (XPS) has also been carried
out to analyse the compositions of such Janus plasmene
nanosheets. As can be seen in the high-resolution Au 4f region
scans for the original plasmene nanosheets (Fig. S2, ESIt), the
Au 4f,,, peak located at a binding energy (BE) value of 84.2 eV
was observed with the Au 4f5/, spin orbit splitting component at
87.8 V.’ For the Janus plasmene (Fig. S3a, ESIT), besides the
Au 4f;,, peak that is located at a BE value of 84.4 eV with the Au
4f;,, spin orbit splitting component at 88.1 eV, the broad Pd 4s
peak located at 87.4 eV>® obviously shows up and makes a
considerable contribution to the spectral envelope in the Au 4f
region. Additionally, the overlapping Pd loss features and the
characteristic Pd 3d metallic peaks located at 335.3 eV (Pd 3ds,)
and 340.6 eV (Pd 3d;),) with a doublet separation of 5.26 eV>*
evidently demonstrate the existence of the Pd component in the
Janus plasmene (Fig. S3b, ESIt).

It is worth mentioning that the PS ligand plays an important
role in our unique leaf-like design by using 2D Janus plasmene
nanosheets. In the self-assembly stage, PS could guarantee the
formation of a monolayered structure by regulating the inter-
particle forces.”” In the stage of forming Janus nanosheets, its
intrinsic hydrophobicity largely slows down the contact of the
growth solution with the protected Au surface and thus allows
for the selective deposition of Pd on one side of the nanosheet.
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To further prove this, we applied the same experimental process
to CTAB-capped Au NCs sitting on a Si wafer (Fig. S4a, ESIt). The
results showed an isotropic coating of Pd on all surfaces of the Au
NC rather than a selective deposition on one side (Fig. S4b, ESIT).
Most importantly, the entanglement of PS helps to maintain the
structural integrity of the nanosheet in the aqueous solution
where the deposition of Pd and the catalytic reaction take place.
This integrity leads to a stable leaf mimicking structure on a
flexible polymeric substrate for continuous conversion of solar to
chemical energy.

Plasmon-enhanced catalytic performance

To characterize the photocatalytic performances of our 2D
Janus plasmenes, we choose the catalytic reduction of 4-NP
by sodium borohydride (NaBH,) as the model reaction. This
reaction process can be monitored either by the colour change
or the absorption peak change of the reactants.'®*%*%?° The
yellowish colour of 4-NP gradually disappeared upon the addi-
tion of the 2D Janus plasmene, which indicates the successful
conversion of the reactant (Fig. 2a). Spectroscopy characteriza-
tion showed that the absorption peak of 4-NP at 400 nm
gradually weakened and a new peak at 300 nm simultaneously
appeared with increasing intensity, demonstrating the successful
conversion of 4-NP to 4-aminophenol (4-AP) (Fig. 2a).

Blank %
PS-capped
Partially PS-capped
Pd-Au w/o light
Pd-Au w light

Time (min)

Laser-532 UV-365
Light source

Fig. 2 Photocatalytic properties of Janus plasmene nanosheets under various conditions. (a) The evolution of the UV-vis spectra of the catalytic reaction
solution during the reduction of 4-NP to 4-AP (the inserts are the photos of the solution before (top) and after (bottom) the reaction). (b) The relationship
between —In(A/Ao) and the reaction time from different plasmene nanosheets: PS-capped plasmene nanosheets with sunlight irradiation (red curve),
partially PS-capped plasmene nanosheets with sunlight irradiation (blue curve), Pd—Au Janus plasmene nanosheets without sunlight irradiation
(pink curve) and Pd—Au Janus plasmene nanosheets with sunlight irradiation (dark yellow curve). A; and Aq are the absorbance at fixed intervals and
the initial state of the UV-vis spectra, respectively. (The black curve is the control experiment without plasmene nanosheets.) (c) Catalytic rate (normalized
to the geometric surface area of the plasmene) of Pd—Au Janus plasmene nanosheets under different light irradiation. (d) The photonic efficiency under
laser-532 and UV-365 irradiation.
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We compared the kinetic curves of the reduction reaction
from three different nanosheets (Fig. 2b). When no catalyst was
added, no reduction reaction was observed even after sunlight
irradiation of 35 min (Fig. 2b, black curve). This result indicates
that catalysts are required in our system to overcome the kinetic
barrier between the mutually repelling electrons of 4-NP and
NaBH,.*° We also found that the exposed area of the Au NC had
a direct impact on the catalytic performance. The PS-capped Au
NC-based nanosheets show almost no catalytic performance
under sunlight (Fig. 2b, red curve), which was presumably due
to the intrinsic hydrophobicity of PS preventing the reaction
solution from interacting with the catalyst. When increasing
the exposed area by partially removing the PS ligands, the
catalytic rate was evidently improved (Fig. 2b, blue curve). Such
experimental results were consistent with the poisoning effect
of ligands on metallic nanoparticles in other work.'*?° We
further investigated the influence of scavengers on the catalytic
kinetics by using methanol and acetone as hole and electron
scavengers,*'*? respectively (Fig. S5, ESIT). Clearly, the addition
of acetone had a more significant effect on slowing down the
reaction kinetics, demonstrating an electron-dominant catalytic
mechanism.

Among all the samples, the Janus nanosheet showed the
highest catalytic performance (Fig. 2b). The catalytic rate (k =
0.27 min~' em?) of the Janus 2D plasmene nanosheets with
sunlight (Fig. 2b, dark yellow curve) is ~4 times higher than
that without sunlight (Fig. 2b, pink curve, 0.07 min~" cm™?).
This indicates that the plasmonic effect contributes largely
to the enhancement of the catalytic reduction under sunlight
irradiation. Gold nanoparticles have been demonstrated to
serve as a light harvester that can capture light energy to
improve catalytic reactions.'®** It has been hypothesized that
two effects from the excitation of surface plasmons possibly
contribute to the enhancement of reactions:'*** one is the
heating effect generated by the energetic electrons relaxing
and another one is the transfer of energetic electrons to
adsorbates, which leads to activated molecules on the surface of
plasmonic nanostructures. In our case, the catalytic reduction of
4-NP could be enhanced by thermal heating (Fig. S6, ESIT). Thus,
the Au NC-based plasmene that was excited by sunlight possibly
helped to enhance the catalytic activity by photothermal effects
(Fig. S7, ESIt) and/or hot electron effects promoting electron
transfer to 4-NP.>>?° In contrast, the pure Pd NC-based
nanosheets without the plasmonic component didn’t show
obvious enhancement in the catalytic performance under the
same experimental conditions (Fig. S8, ESIt). Furthermore, the
catalytic performance of the Janus plasmene nanosheets
(Fig. 2b, dark yellow curve) was about 9 times that of the pure
Au NC nanosheets (Fig. 2b, blue curve) and pure Pd NC-based
nanosheets (Fig. S8, ESIt, red curve) under sunlight irradiation.
Such enhancement is more significant than previous Au@Ag
core-shell systems,?**” demonstrating the attributes of our
Janus structural design.

We further investigated the photo-enhanced catalytic
performance under various light sources as shown in Fig. 2c.
As expected, sunlight has broadband excitation, hence exhibiting
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the highest catalytic rate. Further comparisons at particular
wavelengths showed that the laser at 532 nm gave the highest
rate. This may be due to the fact that this wavelength is close to
the plasmon resonance peak of the Janus plasmene (~580 nm,
Fig. S9, ESIY).

We further compared the photonic efficiency®® (¢) of mono-
chromatic light of 365 nm and 532 nm by using the following
equations:

&(%) = N/Np x 100 (1)
Np = (I x 8 x A)lhc 2)

where Ny, is the number of degraded molecules per second,
N, is the number of absorbed photons per second, I is the
intensity of light (W cm™?), S is the irradiated surface area
(em?), J is the wavelength of light, 4 is the Planck constant
(6.63 x 107** ] s) and c is the speed of light (3 x 10°* m s™").
As shown in Fig. 2d, the photonic efficiency under 532 nm
irradiation was estimated to be ~3.0%, which is much higher
than that under 365 nm irradiation (~1.8%). This demon-
strates the significance of plasmon resonance in enhancing the
catalytic efficiency.

The effect of the catalytic component on the
plasmon-enhanced catalytic performance

To better ascertain the effect of the catalytic component (Pd) on
the plasmon-enhanced catalytic property, we finely tune the
Pd thicknesses of the Janus plasmene nanosheets from ~6 to
~17 nm by increasing the concentration of the Pd precursor
from 0.1 mM to 1.0 mM (Fig. 1g-j, 3a, and Fig. S10, ESI{). The
reaction rate k of the Janus plasmene nanosheets firstly
increased and then decreased with increasing Pd thickness
(Fig. 3b). A maximum value was obtained at a thickness of
~14 nm in our studies. It has been reported that, in the Au-Pd
catalytic system, the balance between the number of active sites
and the ease of product desorption plays a key role in the
catalytic activity.>® Such balance has been proved to be sensitive
to the content of Pd. We found that Pd was deposited on the
surface of Au NCs with a speckle-like shape at a low concen-
tration of the Pd precursor (Fig. S10a, ESI{), which might lead
to slow adsorption of 4-NP and further result in a low rate constant
(k= 0.04 min~" cm~? without light and k = 0.06 min~* cm™ > with
sunlight). With increasing concentration of the Pd precursor, Pd
gradually covered the exposed surface of the Au NCs (Fig. S10b-d,
ESIt and Fig. 1i), giving increased adsorption of reactants.
However, the binding energy between the reaction product
and the catalysts was increased meanwhile.*® Thus, when
the Pd thickness was further increased from ~14 nm to
~17 nm (Fig. 3b), we observed decreasing catalytic rates from
0.10 min~" em™? to 9.6 x 10 2 min~ ' em™ > without sunlight
and from 0.16 min~* cm ™2 to 0.15 min ! em 2 with sunlight.
Importantly, the catalytic rates of the Janus plasmene
nanosheets with sunlight are always higher than those without
sunlight, regardless of the Pd thickness. This result indicates
that the plasmonic component in the Janus plasmene nano-
sheets contributes largely to the catalytic reduction of 4-NP

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0mh01275k

Published on 26 2020. Downloaded on 16.10.2025 02:52:41.

Materials Horizons

View Article Online

Communication

—a—K(wW/ light) 14}
—e— K(wl/o light) (C)
1.2F )
s 1.0

25 0.20
(a) (b)
_20}
£ ~0.15}
w15} 5
g %
S10} go.10}
= ¥
©
o 5}
0.05}
o 1 1 1 1 N 1 1 1
01 03 05 07 1.0 6 8 10

Pd precursor (mM)

Pd thickness (nm)

§os-
c
Sos6}
&
0.4}
0.2}
0.0 1 1 1 L
6

9 1 14 17
Pd thickness (nm)

12 14 16 18

Fig. 3 The effect of the Pd thickness on the plasmon-enhanced catalytic property of the Janus plasmene nanosheets. (a) Thickness change of Pd on Au
NC nanosheets with increasing concentration of the Pd precursor. (b) Catalytic rate (hormalized to the geometric surface area of the plasmene) of Janus
plasmene nanosheets with different Pd thicknesses w/light (black curve) and w/o light (red curve) and (c) their corresponding plasmon enhancement.

under sunlight irradiation. To quantify the plasmon-enhanced
effect in the catalytic reaction, the enhancement (E) is calcu-
lated by the following eqn (3):

_ k(w/light) — k(w/olight)
N k(w/olight)

E ®3)

where k (w/light) is the catalytic rate with sunlight, and & (w/o
light) is the catalytic rate without sunlight. We found that the
thickness of Pd could lead to an obvious influence on the
plasmon resonance peak position (Fig. S11, ESIT). When the Pd
thickness increased from ~6 nm to ~17 nm, the plasmon
resonance peak blue shifted ~3 nm to ~ 15 nm (Fig. S12, ESIY),
indicating a weakened plasmonic coupling effect. This increased
blue shift demonstrates a possible damping effect of Pd on the
plasmon resonance of the Au plasmene, which also has been
observed in other Pd-Au nanostructures.*>*" Fig. 3c shows that
the enhancement increases firstly as the Pd becomes thicker and
reaches the highest value (~1.2) when the Pd thickness is about
11 nm and then decreases with further increasing Pd thickness.
This kind of evolution trend is likely due to the balance between
the increasing plasmon damping effect of Pd and the active sites.
As discussed above, the increasing Pd thickness might enhance
the absorption of 4-NP molecules on the surface of the Janus
plasmene, thus leading to more activated 4-NP molecules by the
energetic electrons generated from the excited plasmene and
giving increased enhancement. However, a further increase of
the Pd thickness resulted in a dominant effect from plasmon
damping of Pd and the increase of the binding energy between
4-AP and the plasmene, leading to the decreased enhancement.

The effect of the plasmonic component on the
plasmon-enhanced catalytic performance

One attribute of our flexible Janus plasmene leaf is that we can
finely tune the sizes, shapes and even orientations of the
building blocks to engineer the desired light-matter inter-
actions in a broadband spectral window.**"** To illustrate this,
we chose Au nanobipyramids (Au NBPs) as another building
block due to their unique geometry- and orientation-dependent
plasmonic properties.*>*> By adjusting the length of the PS

This journal is © The Royal Society of Chemistry 2021

ligands, we could obtain horizontally-aligned Au NBP-based
(H-NBPs, Fig. S13a, ESIt) and vertically-aligned Au NBP-based
(V-NBPs, Fig. S13b, ESIf) plasmene nanosheets, which were
then used to fabricate Janus Au-Pd plasmene nanosheets
following the same protocol as described above for NC-based
Janus plasmene nanosheets. The exposed Au surface could
selectively be the side or the tip of Au NBPs depending on the
alignment of the Au NBPs. Exposing the side of Au NBPs for Pd
deposition using H-NBPs leads to side-coated Au NBPs (Fig. 4a
and Fig. S13c, ESIT). The TEM (Fig. 4a) and elemental mapping
(Fig. S14a and b, ESIY) results confirmed a Pd layer with a
thickness of ~13 nm, a width of ~24 nm and a length of
~53 nm only on one side of the Au NBPs. Alternatively, tip-Pd-
coated Au NBPs were obtained by selectively exposing one tip of
V-NBPs (Fig. 4b and Fig. S13d, ESIt), which showed a Pd
thickness of ~15 nm and a width of ~20 nm only on one tip
of the Au NBPs (Fig. 4b and Fig. S14c and d, ESIY). Similar to the
previous NC-based Janus plasmene, the XPS results further
evidently confirm the Pd and Au composition in NBP
plasmenes (Fig. S15, ESIT).

Fig. 4c indicates that both H-NBP and V-NBP Janus plas-
mene nanosheets show enhanced catalytic performance under
sunlight irradiation. In particular, we found that the enhance-
ment of H-NBP Janus plasmene nanosheets (~1.7) is around
2 times of that of V-NBP Janus plasmene nanosheets (~0.9)
(Fig. 4d). This might be attributed to a broader absorption peak
of H-NBP plasmene nanosheets in comparison with V-NBP
plasmene nanosheets, which show a predominant absorption
peak at around 570 nm (Fig. S16, ESIt). As a result, the broad
light absorption might endow the H-NBP Janus plasmene
nanosheets with a high efficiency of light harvesting and thus
a high enhancement in catalytic activity.

Artificial tree

In addition to the Janus morphologies, our Au-Pd nanosheets
also possess distinct surface chemistry with the Pd side being
hydrophilic, whereas the Au side is hydrophobic (Fig. S17,
ESIf). Such ‘“surfactant-like” structures allow our Janus
nanosheets to be readily accessible to aqueous reactants on

Mater. Horiz., 2021, 8, 259-266 | 263
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Fig. 4 Controlling the plasmon-enhanced catalytic property by tuning the alignment of plasmonic NPs. Scheme (top left) and cross-section SEM image
(bottom) of (a) H-NBP and (b) V-NBP Janus plasmene nanosheets, top right is the corresponding TEM images of an individual Janus NP. (c) The
comparison of the reduction rate (normalized to the geometric surface area of the plasmene) between H-NBP and V-NBP Janus plasmene nanosheets
w/and w/o light irradiation. (d) The comparison of the plasmon enhancement between Pd-H-NBP and Pd-V-NBP Janus plasmene nanosheets. (Scale bar
for TEM: 50 nm, SEM: 100 nm.)

their hydrophilic faces (i.e. Pd sides) and simultaneously main- natural system. To demonstrate this, we fabricated a polymeric
tain structural integrity without dissolution or degradation due tree (~15 mm in width and ~25 mm in height) by mounting
to hydrophobic PS ligand protection. 8 pieces of “artificial leaves’” onto branches of a 3D-printed tree

Such unique structural and functional features motivated us  (Fig. 5a). As shown in Fig. 5a-d, our 2D Janus plasmene
to design an artificial leaf to mimic the continuous reactionina nanosheets are similar to the light harvesting photosynthetic

(&) —omn | (h)100
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Fig. 5 An “artificial tree” built from the Janus plasmene. The photography of (a) the “artificial tree” (scale bar, 5 mm) and (b) an “artificial leaf” (scale bar,
5 mm). SEM images of a Janus plasmene nanosheet at (c) low (scale bar, 1 pm) and (d) high (scale bar, 100 nm) magnification. Photos of the reaction
solution (e) before and (f) after reacting for 45 min. (g) The change in the UV-vis spectra of the catalytic reaction solution after reacting for 45 min using
the “artificial tree”. (h) Conversion efficiency of 4-NP in 5 cycles.
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cell in a natural leaf, the underlying leaf-shaped flexible
poly(ethylene terephthalate) (PET) is analogous to the epidermis
in a natural leaf (Fig. 5b), and the 3D-printed frames correspond
to the tree branches. We then immersed the “artificial tree” into
water containing 4-NP (Fig. 5e). Remarkably, under sunlight
irradiation, 8 pieces of leaves could successfully convert 30 mL
of 4-NP solution to 4-AP within 45 min under sunlight irradiation
(Fig. 5f and g and supporting video, ESIf). In contrast, the
conversion could not be achieved in the absence of the “artificial
tree” (Fig. S18, ESIt) under the same conditions. The ‘“artificial
tree” was highly durable and structurally stable during the entire
photocatalytic reaction. It could be easily taken out and was ready
for the next reaction in another beaker when the first reaction was
finished, demonstrating the potential for continuous catalytic
reactions similar to the way natural photosynthesis occurs.
We found that the “artificial tree” showed no significant loss of
conversion efficiency even after 5 cycles of reactions (Fig. 5h)
or after one-year storage (Fig. S19, ESIf), indicating potential
real-world applications in solar fuel production or contaminant
degradation in a river.

Conclusions

In conclusion, we demonstrate a 2D flexible photocatalyst from
a close packed Janus plasmene nanosheet with two distinct
sides — one is hydrophilic catalytic Pd and another is hydro-
phobic plasmonic Au. The unique 2D Janus structure and
functions could offer not only the capability of sunlight harves-
ting and efficiently converting solar to chemical energy but
also stability in aqueous solutions without any dissolution or
degradation. The 2D integration of catalytically active materials
with a plasmonic nanostructure allows one to synthetically
tune the photocatalytic performance by either optimizing the
thickness of the catalytic component or controlling the structure
of the plasmene nanosheets (i.e. the building block shape or their
alignment). Furthermore, the Janus plasmene nanosheets could
be used to construct a 3D “artificial tree”, which successfully
converted 30 mL of 4-NP to 4-AP in a continuous manner without
regeneration of the catalysts, akin to the way a natural tree
undertakes photosynthesis. The results presented here indicate
the potential of our 2D Janus plasmene nanosheets in the design
of tailor-made flexible photocatalysts for sustainable solar-to-
chemical conversion.
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