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P
lasmon polaritons in metal nanostruc-
tures offer unusual optical capabilities
to concentrate light into nanoscale

volumes, supporting strong local field
intensities.1 This ability has attracted high
interest in the field of energy harvesting
for solar-to-electrical (or -chemical) energy
conversion.2,3 Metal nanostructures that ex-
hibit strong localized surface plasmon reso-
nances (LSPR) in the visible spectrum have
been adopted in various light-harvesting
systems, such as solar cells and photocata-
lytic reactors, to transfer plasmonic energy
to adjacent photosensitizers through reso-
nant energy transfer or hot-electron in-
jection.4�6 Considering the strongmorphol-
ogy and geometry dependence of LSPR that
enable precise tailoring of optical properties
for desirable light-harvesting systems,7,8

plasmonic metals would cause a break-
through in efficiency improvements for so-
lar energy conversion.
A number of reports demonstrated

plasmon-enhanced light harvesting by
utilizing well-known plasmonic materials

(e.g., Au, Ag).9�11 However, their high costs
and inherent limitations such as the limited
spectral range of low-loss plasmonic reso-
nances (>550 nm for Au and >400 nm for
Ag) and the rapid oxidation of Ag degrading
its plasmonic properties12�14 remain a hur-
dle. Recently, aluminum (Al) has been pro-
posed as an alternative because it is cheap
and covers up a wide spectrum range from
UV to visible light of LSPR due to its high
plasma frequency.15�19 Such properties are
highly desirable for the practical realization of
plasmon-enhanced solar energy applications.
To date, however, only a few reports have
demonstrated the utility of Al nanostructures
in light-harvesting systems, andmost of them
were applied to solid-state platforms due to
the poor stability of Al.20�23 While Al is stable
in the atmosphere because of the protection
by the formation of a surface oxide layer,
its contact with an aqueous solution causes
severe corrosion and limits the applicability of
its unique plasmonic property. The passiva-
tion of Al surfaces using existing techniques
may suppress such oxidation and corrosion
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ABSTRACT The practical limits of coinage-metal-based plasmonic materials demand

sustainable, abundant alternatives with a wide plasmonic range of the solar energy

spectrum. Aluminum (Al) is an emerging alternative, but its instability in aqueous

environments critically limits its applicability to various light-harvesting systems. Here, we

report a design strategy to achieve a robust platform for plasmon-enhanced light

harvesting using Al nanostructures. The incorporation of mussel-inspired polydopamine

nanolayers in the Al nanoarrays allowed for the reliable use of Al plasmonic resonances in

a highly corrosive photocatalytic redox solution and provided nanoscale arrangement of

organic photosensitizers on Al surfaces. The Al�photosensitizer core�shell assemblies

exhibited plasmon-enhanced light absorption, which resulted in a 300% efficiency

increase in photo-to-chemical conversion. Our strategy enables stable and advanced

use of aluminum for plasmonic light harvesting.
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problems, but this requires careful consideration of the
spatial separation of light absorbers from LSPR regions
of Al, which ultimately inhibits plasmonic enhance-
ment in light harvesting.
Here, we present a new strategy for achieving robust

and versatile light-harvesting platforms based on plas-
monic Al nanostructures, as illustrated in Figure 1a.
We created a nanoscale, conformal layer around the
patterned Al dots through a simple polydopamine
(PDA) coating, to protect the Al nanoarrays from
corrosion and to accommodate organic photosensiti-
zers in their LSPR regions. PDA is a mussel-inspired
polymer that exhibits unique properties such as re-
ductive capacity and universal applicability to any
material.24,25 We demonstrate that the protective
PDA shell with embedded photosensitizers can elimi-
nate the critical problem of low spatial overlap be-
tween light absorbers and the LSPR field regions
resulting from separate privation layers. The resulting
corrosion-protected Al�photosensitizer hybrid pat-
terns stably boosted photo-to-chemical conversion
reactions in an aqueous solution due to plasmon-
enhanced light absorption by the photosensitizers.

RESULTS AND DISCUSSION

We initiated our study by examining the stability of
Al nanostructures and the protection effect of a PDA

coating against Al oxidation in an aqueous solution.We
prepared two kinds of Al nanoarrays with different
sizes andmorphologies (Al #1: 111 nm in diameter and
60 nm in height; Al #2: 147 nm in diameter and 30 nm in
height) through nanoimprint lithography, which ex-
hibited distinctive optical properties (Figure S1, see the
experimental section for details). For immersion cor-
rosion tests, we adopted a photocatalytic redox solution
as a model environment for light harvesting. The solu-
tion consisted of triethanolamine (TEOA) as an electron
donor and organic photosensitizers, such as porphyrins
and xanthene dyes, that can facilitate various photo-
conversion reactions including nicotinamide cofactor
(NADþ) reduction.26,27 Among the porphyrin and xan-
thene derivatives, we selected Sn(IV) tetrakis(4-pyridyl)
porphyrin (SnTPyP) and eosin Y (EY) as model photo-
sensitizers. After overnight incubation in the redox solu-
tion, significant degradation of bare Al patterns was
observed even with the naked eye, while PDA-coated Al
patterns (Al-PDA) retained intact morphologies
(Figure 1b). According to scanning electronmicroscopic
analysis (Figures 1c and S2), many dots in the bare Al
samples disappeared and the structures of the remain-
ing dots could not be clearly discerned. In contrast, the
nanostructures of Al-PDA did not show any noticeable
changes after the incubation, which indicates a strong
protective effect of PDA against the corrosion of Al.

Figure 1. Stability of plasmonic Al nanoarrays. (a) Schemeof Al nanoarrays for plasmonic-enhanced light harvesting. The PDA
coating enables precise incorporation of organic photosensitizers around the Al dots and provides an anticorrosion
environment for the Al dots, allowing stable LSPR. (b, c) Stability of bare Al and Al-PDA patterns upon exposure to a
photocatalytic redox solution for light harvesting (10 μM SnTPyP for Al #1 and 10 μM eosin Y for Al #2 in TEOA�PB buffer),
illustrated with (b) photographs and (c) SEM images.
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Because spectral properties of plasmonic nanostruc-
tures are highly sensitive to their morphology
changes,28,29 we investigated spectral changes in the
plasmonic bands of Al nanoarrays upon exposure to
the redox solution. The LSPR band for the bare Al
nanoarrays gradually decreased and shifted toward
shorter wavelengths (Figure 2a) because of the de-
crease in the particle sizes of Al dots. However, the Al-
PDA showed no change either in the amplitude or in
the position of its LSPR band under the same condition.
The corrosion behavior of Al was strongly affected by
the presence of light. Upon light illumination, the
corrosion rate of the bare Al patterns was significantly
accelerated (Figures 2b and S4). We used a 450 W Xe
lamp (λ > 420 nm) as a light source. The light was
incident normal to the surface of the sample on a glass
substrate that was vertically immersed in the redox
solution. Since the light exposure did not affect the
corrosion of Al in the absence of photosensitizers
(Figure S3), we attribute the accelerated corrosion to
the light-induced redox reactions by the photosensiti-
zers. The LSPR band of the PDA-coated Al pattern still
remained stable under such corrosive conditions,
which proved the applicability of Al-PDA plasmonic

nanostructures to solution-based light-harvesting appli-
cations. During prolonged incubation, the PDA coating
exhibited a stable protection effect even after 2 weeks
under both dark and light conditions (Figure S5).
To assess the corrosion resistance of Al andAl-PDA in

the photocatalytic redox solutions, we performed elec-
trochemical impedance spectroscopy (EIS) measure-
ments. The EIS technique has been widely used to
conduct electrochemical and kinetic studies on metal
corrosion and to evaluate the performance of a pro-
tective coating on metal surfaces.30 For the EIS mea-
surements, we used Al films instead of Al nanoarrays
because Al films allow a simpler circuit system com-
pared to the nanoarrays. Note that nanoarrays should
be formed on a conducting substrate (e.g., ITO) for the
EIS analysis, while Al films are conductive as is. To
observe the light effect on the bare Al corrosion, we
compared Nyquist plots of bare Al films after a 2 h
immersion in the redox solution in the dark and light
conditions, respectively (Figure 2c). Either the radius of
semicircles or the impedance modulus at low fre-
quency (e.g., 0.1 Hz) in the Nyquist plots represents
the degree of corrosion resistance originating from
a sample surface; the bigger radius (or modulus) a

Figure 2. Corrosion behavior of Al nanoarrays. (a, b) Changes in plasmonic bands of Al #1 patterns incubated in a
photocatalytic redox solution (10 μM SnTPyP in TEOA�PB buffer) under (a) dark and (b) light conditions. (c) Nyquist plots
of Al films with and without light irradiation after 2 h immersion in the photocatalytic redox solution. (d) Nyquist plots of Al
films coatedwith PDAof different thicknesses after 2 h immersion in the photocatalytic redox solution under light irradiation.
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sample exhibits, the higher corrosion resistance it
has.31�33 We found that the Al film under light irradia-
tionwasmore easily eroded,whichwas consistentwith
the results analyzed by absorption spectroscopy in
Figure 2b. We further investigated the protective effect
of PDA against Al corrosion using EIS. Figure 2d shows
Nyquist plots of Al films coated with PDA to different
thicknesses, whichwere obtained after a 2 h immersion
in the photocatalytic redox solution upon light irra-
diation. The PDA coating dramatically increased the
corrosion resistance of Al and showed thickness de-
pendence of the protective effect. During the immer-
sion of Al in the redox solution, the conformal PDA
layers would suppress direct contact of Al with corro-
sive electrolytes, and the chelation of surface Al atoms
with catechol moieties34,35 can give additional passiva-
tion. On the basis of the spectroscopic results from
immersion corrosion tests, we confirm that PDA pro-
tection allows reliable use of Al plasmonic resonances
in the corrosive solutions during photocatalytic redox
reactions.
We integrated photosensitizers into the protective

PDA layer surrounding Al dots to achieve Al�photo-
sensitizer core�shell assemblies for plasmonic reso-
nance energy transfer. Considering the spectral match
between plasmon resonance wavelength of the Al
patterns and the absorption wavelength of the photo-
sensitizers, we integrated Al #1with SnTPyP (Al-SnTPyP)
and Al #2 with EY (Al-EY) (Figure 3c,d). Through a
simple immersion process of metal nanostructures in a
solution containingboth photosensitizer and dopamine
molecules,36 we produced elaborate core�shell assem-
blies, in which Al dots were surrounded by photo-
sensitizer-encapsulating PDA shells in the nanoscale
regime. From the increase in the diameters of Al dots
after the photosensitizer-encapsulating PDA coating
(Figures 3a,b and S6), we estimated the thicknesses
of SnTPyP and EY shells to be approximately 10 to
12 nm using scanning electron microscopy and atomic
force microscopy. We further confirmed the inclusion
of photosensitizers in the PDA layers using XPS spec-
troscopy (Figure S7). The characteristic peaks of
SnTPyP corresponding to Sn 3d3/2 and Sn 3d5/2 were
observed at 497 and 477 eV, respectively, in the Al-
SnTPyP assembly. Thepeaks of Br 3p at 190 eV and Br 3d
at 69.5 eV indicate the inclusion of EY in the Al-EY
assembly.
We investigated optical properties of the resulting

nanohybrids by UV�vis absorption spectroscopy to
observe plasmonic interactions between Al patterns
and photosensitizers in the core�shell assembly. As
shown in Figure 3c and d, the absorption bands of the
photosensitizers at 427 nm (for SnTPyP) and 538 nm
(for EY) were clearly identified in the Al�photosensiti-
zer hybrid samples. We also observed spectral overlap
between the absorption bands of the photosensitizers
and the LSPR bands of the Al patterns. Note that the

plasmonic extinction has red-shifted after photosensi-
tizer-encapsulating PDA coating due to the increased
effective refractive index of the surrounding medium
for Al dots. As a mutual result of the spectral overlap
and the core�shell assembly, the hybrids exhibited
enhanced intensity at the absorption band for the
photosensitizers when compared to the spectrum of
photosensitizer-encapsulating PDA films on bare glass
substrates.
To better understand the nature of plasmon en-

hancement from Al patterns, we conducted finite-
difference time-domain (FDTD) simulations for the Al�
photosensitizer hybrid samples. As shown in Figure S8,
the calculated results were consistent with the experi-
mental results and confirmed that the plasmonic re-
sonances of the Al patterns enhance the light
absorptions of the photosensitizers. To examine the
absorption contribution of eachmaterial region in the
Al�photosensitizer hybrid system separately, we cal-
culated the spatially resolved absorption spectra
based on the spatial electric field profiles that were
obtained from FDTD simulations (Figures 3e,f).
Among the total absorption of the hybrid systems,
the photosensitizer dominated the total absorption at
the photosensitizer absorption region compared to
the metal dots. The electric field profiles (Figures 3e,f,
insets) indicate that strong local electric fields were
induced over the photosensitizer-encapsulating PDA
layers by Al plasmonic resonances, which result in
plasmon-enhanced light absorption in the hybrid
systems.
We further verified the LSPR effect of Al patterns

in the Al�photosensitizer assemblies using surface-
enhanced Raman scattering (SERS) measurements.
When molecules locate in close proximity to the metal
surfaces, they scatter more efficiently as they experi-
ence an enhanced electromagnetic field.37,38 We com-
pared the Raman spectra of photosensitizer-encap-
sulating PDA films formed on Al patterns and bare
glasses and observed a strong enhancement in the
Raman signals of SnTPyP (Figure 4a) and EY (Figure S9a)
on the Al patterns, which indicates plasmon-enhanced
Raman scattering. We also measured photocurrent to
see the plasmonic effect on photoinduced electron
transfer. In a three-electrode system, we used Al-
SnTPyP (or SnTPyP-encapsulating PDA) formed on an
ITO glass as a working electrode and measured
the photocurrent at an applied potential of �0.4 V
(vs Ag/AgCl) during the on/off switching of visible light
irradiation. As shown in Figure 4b, the net cathodic
photocurrent of Al-SnTPyP was approximately 2.2
times higher than that of the SnTPyP-encapsulating
PDA, which indicates that the Al nanostructures en-
abled the photosensitizer to convert light energy into
electricity more effectively.
We applied Al�photosensitizer hybrid systems to

biocatalytic artificial photosynthesis based on the high
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stability and effectivity of LSPR from the PDA-coated Al
patterns. As a model light-harvesting system mimick-
ing natural photosynthesis in green plants,39�41 we
conducted a light-induced reduction of nicotinamide
cofactor (NADþ) using the Al�photosensitizer core�
shell assemblies. During the photoconversion, the
photosensitizer facilitates visible-light-induced reduc-
tion of NADþ to NADH, which functions as an electron-
donating cofactor for various NADH-dependent redox
enzymes to produce valuable chemicals (Figure 4c).
As shown in Figure 4d, the inclusion of Al markedly

increased the NADH conversion yield by SnTPyP from
5.3 μM to 12.5 μM after a 3 h photocatalytic reaction,
which indicates plasmon-derived light-harvesting en-
hancement. The Al-EY hybrid also exhibited a higher
NADH conversion yield compared to the EY-encapsu-
lating PDA film (Figure S8b). Note that bare Al patterns
exhibited no catalytic effect on NADH conversion. We
evaluated plasmon enhancement factors for light
harvesting, considering the difference in the surface
area between the Al-patterned substrate and the
bare glass substrate to better match the degree of

Figure 3. Morphologies and optical characterizations of Al nanoarrays. SEM images of (a) Al #1 before and after hybridization
with SnTPyP-encapsulating PDA and (b) Al #2 before and after hybridization with EY-encapsulating PDA. Extinction spectra of
(c) pristine Al #1, SnTPyP-encapsulating PDA on bare glass, Al-SnTPyP hybrid, (d) pristine Al #2, EY-encapsulating PDA on bare
glass, and Al-EY hybrid. (e, f) Simulated absorption of Al�photosensitizer hybrids. The total absorption (solid lines) as well as
individual absorption contribution from each material region (dashed lines) are plotted. The insets illustrate electric field
enhancement plots of the Al dots surrounded by photosensitizer-encapsulating PDA shells (10 nm). The scale bar corresponds
to 50 nm.
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photosensitizer coverage. For the Al-patterned sub-
strate, one side of the substrate had a surface area
increase of a factor of 1.4 due to the nonplanar Al
patterns, while the other side, devoid of Al, had the
same area as the bare glass substrate. Note that the
photosensitizer-encapsulating PDA film covered both
sides of the substrates due to the immersion process.
As a result, the plasmon enhancement factors were
calculated to be 2.6 and 3.0 for Al-SnTPyP and Al-EY,
respectively. We further compared the photocatalytic
efficiencies of SnTPyP in the PDA layers formed on
plasmonic and nonplasmonic nanoarrays, respectively.
The nonplasmonic nanoarrays (Al500) were prepared
by heat treatment of plasmonic Al nanoarrays in the air
condition at 500 �C (Figure S10a). As expected, the
Al-SnTPyP hybrid exhibited a much higher conversion
yield compared to the nonplasmonic Al500-SnTPyP
hybrid, which confirms the effect of plasmon resonance
energy transfer from Al nanoarrays (Figure S10b). We
expect that much room exists for further improve-
ments in plasmonic enhancement by achieving an
ideal spectral overlap and optimal densities of photo-
sensitizers and Al dots. On the basis of the negligible
changes in the optical properties for the Al-SnTPyP
sample after the light-harvesting reaction (Figure 4d,

inset), we further confirmed the high stability of our
plasmonic light-harvesting assemblies against corrosion.

CONCLUSION

We achieved a reliable light-harvesting platform
based on Al nanostructures that can be stably utilized
in an aqueous environment to facilitate plasmon-
enhanced solar-to-chemical energy conversion. We
successfully prevented the accelerated corrosion of
the Al nanostructures in photocatalytic environments
by PDA protection to preserve Al plasmonic reso-
nances. We then developed elaborate core�shell as-
semblies, in which photosensitizers were encapsulated
in the LSPR regions of Al dots by simultaneous coating
with PDA for plasmon-enhanced light absorption. The
resulting Al�photosensitizer assemblies exhibited
plasmonic enhancements in the visible-light-induced
photocurrent generation and biomimetic photo-to-
chemical conversion, while showing high stability in
optical and physical properties against corrosion in the
photocatalytic redox solution. This approach of com-
bining Al patterns and photosensitizers in core�
shell nanostructures enables various designs of plas-
mon-enhanced light-harvesting platforms with tailor-
able and stable optical properties.

Figure 4. Plasmonic enhancements by Al nanoarrays. (a) Comparison of the SERS spectra for the SnTPyP-encapsulating PDA
film and Al-SnTPyP hybrid. (b) Photocurrent responses of the SnTPyP-encapsulating PDA film and Al-SnTPyP hybrid formed
on ITO glasses during visible-light on/off switching. (c) Illustrative scheme of biomimetic NADH photoregeneration using
plasmon-enhanced light-harvesting systems. (d) Comparison of the NADH photoregeneration yield using a SnTPyP-
encapsulating PDA film Al-SnTPyP hybrid under visible light irradiation. The inset shows the absorbance spectra of the
SnTPyP-encapsulating PDA film and Al-SnTPyP hybrid before and after the photocatalytic reaction for 3 h, indicating the high
stability of Al LSPR.
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