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ABSTRACT: Compared to pristine Cu2O nanoparticles
(NPs), Ag@Cu2O core-shell NPs exhibit photocatalytic
activity over an extended wavelength range because of the
presence of localized surface plasmon resonance (LSPR) in the
Ag core. The photocatalysis action spectra and transient
absorption measurements show that the plasmonic energy is
transferred from the metal to the semiconductor via plasmon-
induced resonant energy transfer (PIRET) and direct electron
transfer (DET) simultaneously, generating electron−hole pairs
in the semiconductor. The LSPR band of Ag@Cu2O core-shell
NPs shows a red-shift with an increase in the Cu2O shell
thickness, extending the light absorption of Ag@Cu2O heterostructures to longer wavelengths. As a result, the photocatalytic
activity of the Ag@Cu2O core-shell NPs is varied by modulation of the shell thickness on the nanometer scale. This work has
demonstrated that the Ag@Cu2O core-shell heterostructure is an efficient visible-light plasmonic photocatalyst, which allows for
tunable light absorption over the entire visible-light region by tailoring the shell thickness.
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Photocatalysts convert solar energy into chemical energy to
produce solar fuels or to remove pollutants. Metal oxide

semiconductors are extensively used as photocatalysts.1−5

However, many metal oxides have a wide band gap, which
limits their light absorption to a small spectral region.6−8 For
example, TiO2, which is the most common photocatalyst, only
absorbs the ultraviolet light that accounts for less than 5% of all
solar radiation.7,8 Organic dye molecules9,10 and inorganic
quantum dots (QDs)11,12 have been used as “photosensitizers”
to extend the light absorption spectrum of semiconductors to
enable the photocatalytic activity at longer wavelengths.
Unfortunately, there is some concern about their instability.13

An alternative to QDs and dye sensitizers is the use of
plasmonic metal nanostructures combined with the metal oxide
semiconductors to form plasmonic photocatalysts that utilize
the plasmonic nanostructure as the sensitizer for semiconductor
catalyst.14−23 In particular, our recent report has shown that a
plasmonic sensitizer can harvest and transfer solar energy to the
semiconductor at the energies above and below the band edge
through resonant energy transfer, which induces the charge
separation, leading to the enhanced photocatalytic activity over
an extended wavelength range.14

In the plasmonic metal, the incident radiation is converted to
a nonthermalized distribution of electron−hole pairs with a
lifetime of a few femtoseconds. This is an extremely short
lifetime compared to conventional QD or dye sensitizers that

have excited state lifetime of nanoseconds or longer.
Consequently, plasmon oscillations have a broad resonance
and short lifetime that allows for dramatically different energy
transfer processes. Traditional QDs or dye sensitizers are based
on thermalized electron transfer, in which the excited electrons
relax to the band edge before transferring to the semiconductor.
The process can only proceed given energetically favorable
band alignment.9,10 The energy transfer from the sensitizer to
the semiconductor is a downward process, since the conduction
band of the sensitizer must be aligned at a higher energy level
than that of the semiconductor. In contrast, the energy transfer
from a plasmonic sensitizer to a semiconductor catalyst is not
restricted by electronically favorable band alignment, since the
transfer may occur through a nonradiative coupling of the metal
and semiconductor or charge transfer from an excited state with
the energy larger than the Schottky barrier.24,35

The geometry plays a large role in the plasmonic energy
transfer processes, which can occur even if there is a gap or an
insulating medium between the catalyst and the sensitizer.14 In
contrast, semiconductor photocatalysts must be in intimate
contact with the conventional QD or dye sensitizers to enable
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efficient charge transfer.12 Moreover, individual plasmonic
sensitizers can be easily tuned by the local dielectric constant
and/or the geometry. Thus a single sensitizer can enhance a
large spectral range. Although different dyes or QDs can be
used to tune the enhancement throughout the spectral region,
the individual enhancement is spectrally narrow, necessitating
the attachment of several different dyes or QDs to achieve full
spectral coverage.
The discovery of plasmonic sensitizers has provided new

opportunities to develop highly efficient photocatalysts,
inspiring research in two main areas: (i) unraveling the
mechanism of plasmon-enhanced photocatalysis; and (ii)
optimizing the architecture for broadband absorption of solar
light.
In plasmonic metal/semiconductor photocatalysts, the

photoexcited plasmonic energy in the metal is transferred to
the semiconductor, generating electron−hole pairs in the
semiconductor.14 Charge separation can occur either via the
transfer of hot electrons known as direct electron transfer
(DET)24 or via the plasmon-induced resonant energy transfer
(PIRET).14 For DET, the nonthermalized electrons excited by
a localized surface plasmon resonance (LSPR) have energy
above that of the Fermi level in the metal, allowing the
Schottky barrier created by charge equilibrium between the
metal and the semiconductor to be overcome in the excited
state.24,35 Thus the electron transfer process does not require
the energetically favorable equilibrium band alignment. In
contrast, PIRET originates from a near-field electromagnetic
interaction between the LSPR dipole of the metal and the
interband transition dipole of the semiconductor, and therefore
does not require the intimate contact between the plasmonic
metal and the semiconductor.14 Unlike DET, which has
enhancement that follows the spectral shape of the LSPR,
PIRET follows the spectral overlap of the LSPR and the band
edge of the semiconductor. To date, DET24 or PIRET14 has
been independently reported as being responsible for charge
separation in the semiconductor. It is unclear whether DET and
PIRET interact or compete with regard to the overall
photocatalysis enhancement from a plasmonic sensitizer. The
present work on Ag@Cu2O core-shell nanoparticles (NPs)
shows the previously unreported situation where DET and
PIRET coexist, and both the mechanisms are responsible for
the LSPR-induced charge separation in the semiconductor.
In most of the previously reported plasmonic photocatalysts,

NPs were deposited on the surface of semiconductors as the
isolated islands to produce a heterointerface.25 Exposure of
surface-attached metal NPs to reactants and the surrounding
medium may cause corrosion and dissolution of the metal
particles.26 In addition, the metal NPs are only in point contact
with the semiconductor matrix. Moreover, the observed
enhancement of photocatalytic activity arises from a combina-
tion of effects due to the LSPR and self-catalysis of the metal. In
the present work, metal-core@semiconductor-shell NPs are
developed as plasmonic photocatalysts. The core-shell
plasmonic architecture offers several advantages. First, such
core-shell architecture effectively protects the metal NPs from
corrosion. Second, it maximizes the metal−support interaction
through the three-dimensional contact between the metal core
and the semiconductor shell, thereby facilitating the plasmonic
energy transfer processes. Last, the local electromagnetic field
of the LSPR penetrates the shell, which can be used to tune the
center wavelength of the LSPR. Specifically, the LSPR position
can be tuned by changing the shell thickness on the nanometer

scale. Herein photocatalytic enhancement is observed in Ag@
Cu2O core-shell heterostructure as a function of shell thickness
since the thickness-dependent LSPR controls the synergistic
contributions of PIRET and DET processes. Optimum
photocatalysis can be achieved when there is broad spectral
coverage. This work demonstrates, therefore, that the use of the
metal-core@semiconductor-shell architecture provides flexible
light harvesting that can be tailored for specific applications.
Ag NPs were synthesized by reducing AgNO3 with sodium

citrate (See detailed experimental section and Figure S1 in
Supporting Information).27 The Cu2O shell was then coated on
the Ag core to form the Ag@Cu2O core@shell NPs. In this
manner, the shell thickness was varied by keeping the same
sized Ag cores for all samples. Briefly, 1.0 mL of as-prepared 1
mM Ag NPs solution was mixed with 5 mL of Cu2+ solution
containing 0.1 M CuCl2 and 0.0338 M sodium dodecyl sulfate
(SDS) with shaking. Next, 0.15 mL of 1 M NaOH and 0.25 mL
of 0.2 M NH4OH·HCl were added under agitation for 10 s.
The mixture was aged for 2 h and centrifuged to separate the
core-shell NPs. This sample is denoted as Ag@Cu2O (24 nm)
according to the corresponding Cu2O shell thickness. The
resulting Cu2O shell thickness was inversely related to the
concentration of the added Ag NPs (0.25, 0.50, 1.00, 2.00, and
3.00 mL), yielding a range of 11 nm < d < 40 nm (Supporting
Information, Table S1). The resulting samples are denoted as
Ag@Cu2O (d nm). Cu2O is chosen as the material for the shell
because its visible-light band gap facilitates a determination of
possible plasmonic energy transfer mechanisms. Cu2O is
initially used as a model photocatalyst to extract useful
information for future development of practical photocatalyst
materials.
Figure 1 shows the SEM and TEM images of Ag@Cu2O (31

nm) core@shell NPs. The average diameter of well-dispersed
Ag core was about 30 nm. After being coated with the Cu2O
shell, the total size increased to 100 nm. The Cu2O shell
thickness was tailored by varying the concentration of Ag NPs,
as shown in Supporting Information, Table S1 and Figure S2.
The LSPR positions for the various Ag@Cu2O NPs in ethanol
were measured with optical absorption (Figure 1d). The
spectral features on the blue side of 500 nm for all samples were
attributed to the interband transitions in Cu2O and scattering
from the Cu2O shell.32 For thicker shell NPs, the strength of
the Mie scattering feature at wavelengths below 500 nm
increased. The absorption feature on the red side of 500 nm
was the LSPR for all the core-shell NPs. Bare Ag NPs exhibited
a LSPR at 415 nm (Supporting Information, Figure S1). The
local dielectric constant increased with increasing Cu2O shell
thickness, leading to red-shift of the peak. A curve of the LSPR
position versus the shell thickness (d) was obtained by fitting
the experimental data, where the fitting correlation was R2 =
0.976 (Figure 1e). Even for an 11 nm thick Cu2O, the LSPR
had a large red-shift due to the high refractive index of Cu2O.
This trend also agreed with the simulated extinction spectra
calculated using the Discrete Dipole Approximation (DDA), as
shown in Supporting Information, Figure S5a. The LSPR
position and the plasmon field intensity are highly sensitive to
both the shape and the size of the cores, as well as the dielectric
constant of the surrounding medium.28−31 Herein silver is
chosen as the core material instead of gold. The plasmon
frequency of pure Ag is at a higher energy than pure Au; and
the plasmon dampening rate is reduced, leading to differences
in the oscillator strength. The difference in the dielectric
constant between Ag and Au results in different sensitivities to
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the effective dielectric environment resulting from the thickness
of the Cu2O shell. The higher LSPR energy of pure Ag allows
for a tunable light absorption of Ag@Cu2O over the entire
visible region by changing the thickness of the Cu2O shell. The
Au@Cu2O could not support this large tuning range. The
higher LSPR energy of Ag also allows for a broader range of
LSPR band overlap with the absorption band of Cu2O.
The photocatalytic activity of the Ag@Cu2O and the pure

Cu2O NPs were evaluated by the photodegradation rate of
methyl orange (MO) in an aqueous solution under visible-light
irradiation with a visible light source (Cool White Fluorescent,
wavelength range from 400 to 700 nm), as shown in Figure 2.
All the photocatalytic activity data were normalized with surface
area; and the normalization process is given in the Supporting
Information (photocatalysis section). The Ag@Cu2O core-shell
NPs showed the enhanced photocatalytic activity compared to
the pure Cu2O NPs, which can be attributed to the presence of
the LSPR. The photocatalytic activity of the Ag@Cu2O NPs
was highly dependent on the shell thickness. Since increasing
the Cu2O shell thickness led to a red-shift of the LSPR, the
strength of the plasmonic energy transfer depended on the shell

thickness. The photocatalytic activity of the Ag@Cu2O NPs
was enhanced with an increase in the shell thickness from
roughly 11 to 30 nm. However, further increase in the shell
thickness diminished the photocatalytic activity, as shown in
Supporting Information, Figure S5.
To confirm that the LSPR was responsible for the

enhancement of photocatalytic activity, the photocatalysis
action spectra were obtained by plotting the apparent
photocatalytic efficiency as a function of the wavelength of
incident monochromatic light in the wavelength range of 450−
700 nm. The apparent photocatalytic efficiency (η) per unit
time was calculated according to the equation of η = 1240
eV·nm·(C0 − C)/C0/(λPλ), where 1240 eV·nm units is the
energy conversion factor, C0 is the original methyl orange
(MO) concentration before irradiation, C is the MO
concentration after irradiation at a certain wavelength of the
incident light (λ) for 3 h, Pλ is the power of monochromatic
light at a certain wavelength (λ). The apparent photocatalytic
efficiency does not represent a photocatalysis quantum yield,
rather it is necessary to normalize the data by the differing
intensity of the monochromatic light across the spectrum.
Figure 2b and 2c show the photocatalysis action spectra and

the extinction spectra for the pure Cu2O and the Ag@Cu2O
(24 nm) core@shell NPs. In both cases, the photocatalysis
action spectra showed a similar trend to the extinction spectra.
Pure Cu2O exhibited negligible photocatalytic activity below
the band edge, while the Ag@Cu2O NPs displayed significant
enhancement at the wavelengths corresponding to the LSPR,
which was below the band gap of Cu2O. The spectrally
dependent enhancement can only happen if light excites the
plasmon, and then the plasmonic energy is transferred to the
semiconductor to drive the chemical reaction. Thus, this result

Figure 1. Microscopic images and absorption spectra of Ag@Cu2O
core-shell nanoparticles. (a) SEM, (b) TEM, and (c) HRTEM images;
(d) UV−visible absorption spectra of the core-shell nanoparticles with
various shell thicknesses, from left to right clearly showing the red shift
of LSPR extinction; (e) the LSPR peak position as a function of the
shell thickness. The Inset shows the schematic architecture of the core-
shell structure.

Figure 2. Photocatalytic activity of the Ag@Cu2O core-shell
nanoparticles. (a) Degradation of methyl orange by the photocatalysts
with different Cu2O shell thicknesses; the activity was normalized with
surface area; (b) and (c) the absorption spectra and the apparent
photocatalytic efficiency as a function of the wavelength of
monochromatic light for pure Cu2O and Ag@Cu2O (24 nm)
nanoparticles, respectively; (d) LSPR-induced local electromagnetic
field in the Cu2O shell, the scale bar shows the relative increase in field
enhancement |E/Einc|

2. The axis refers to the physical dimensions of
the core shell particle; Einc is parallel to the x axis.
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confirmed that the LSPR was the most likely cause of the
enhancement of photocatalytic activity. Although Fermi level
equilibration can lead to trapping of charges and increased
carrier lifetime, it cannot explain the observed wavelength-
dependent enhancement.26,33 This is because the charge
equilibration is independent of wavelength and depends only
on the electronic alignment of the Cu2O and Ag. Hence,
equilibration would lead to a uniform photocatalysis enhance-
ment over the spectral range.
Photocatalysis enhancement occurred at the position of

LSPR band, which indicates that the electron−hole pairs in the
semiconductor can be created via DET and/or PIRET from the
plasmonic metal to the semiconductor.14 To verify that both
the mechanisms were possible in the Ag@Cu2O hetero-
structure, discrete dipole approximation simulations (DDA) of
the Ag@Cu2O NPs were performed by following the
calculation method reported in refs 31 and 34. Figure 2d
shows that the LSPR-enhanced electromagnetic (EM) field
extended throughout the Cu2O shell. The extent of the local
EM field into the shell and the spectral overlap of the LSPR
with the interband absorption band of Cu2O (Supporting
Information, Figure S6) satisfied the requirements for PIRET.
In addition, the band alignment of Ag and Cu2O allowed for
the energetically favorable electron transfer, satisfying the
requirements for DET. Therefore PIRET, DET, or a
combination of both mechanisms may contribute to the
plasmon-mediated generation of charge carriers in Cu2O.
Theoretically, the carrier creation efficiency for PIRET

follows the overlap integral of the Cu2O absorbance and
LSPR, while the carrier creation efficiency for DET follows the
hot electron distribution present under excitation, and thus is
represented spectrally as the LSPR absorbance.14 Hence,
separation of the two mechanisms can be achieved by
measuring the wavelength-dependence of the charge carrier
density in the Cu2O. The carrier density was measured with

transient-absorption spectroscopy, which was performed with
100-fs pump and probe pulses. The pump was tuned across the
spectral region of interest from 600 to 750 nm and the probe
was centered at 800 nm, such that it was predominantly
sensitive to free-carrier absorption in the Cu2O. The amplitude
of the differential transmission |ΔT|/T was extracted for each
pump wavelength at a probe delay of approximately 10 ps. This
delay time was determined from the transients (Supporting
Information, Figure S7) to correspond with the |ΔT|/T
response shortly after the decay of the transient contribution
from the Ag core but before recombination in Cu2O
significantly affected the carrier population. Figure 3 shows
the wavelength-dependent carriers concentration for the Ag@
Cu2O NPs with four different shell thicknesses: 11, 24, 31, and
40 nm. In each case, the carrier density was largest at shorter
wavelength, close to the absorption edge of Cu2O, and
decreased at longer wavelengths below the interband
absorption. For the chosen 800-nm probe, neither the pure
Cu2O or the Ag NPs exhibited transient signals. Therefore, the
observed differential transmission from the Ag@Cu2O NPs was
due to plasmon-induced carrier accumulation in Cu2O.
To determine whether DET or PIRET dominated the

plasmonic-energy transfer to the Cu2O, a model was produced
for the spectra signature of each mechanism. The UV−visible
spectrum for each sample was deconvolved into contributions
from the LSPR and the Cu2O interband absorption
(Supporting Information, Figure S6). PIRET followed the
overlap integral between these two components, while DET
followed the LSPR. The two contributions were used in
conjunction to fit the wavelength-dependent differential
transmission (see Figure 3). The fitting procedure confirmed
that both PIRET and DET were necessary to describe the data
for all shell thicknesses measured. Nonetheless, as the Cu2O
shell thickness increased, the relative contribution of DET and
PIRET was different. For the thin shell sample, DET and

Figure 3. Transient absorption spectra and mechanism determination. |ΔT|/T versus the wavelength for (a) Ag@Cu2O (11 nm), (b) Ag@Cu2O (24
nm), (c) Ag@Cu2O (31 nm), and (d) Ag@Cu2O (40 nm). Each shell thickness is fit by a model for PIRET, DET, and PIRET+DET to show that
both mechanisms are responsible for generation of charge carriers in Cu2O.
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PIRET contributions overlapped strongly since the peak of the
LSPR was located close to the Cu2O absorption edge (Figure
3a). For the three thicker samples, the red shift of the LSPR
was significantly larger, which separated the PIRET and DET
contributions (Figure 3b-d). Overall, these three samples
exhibited stronger photocatalytic activity and thus presented a
couple of striking factors. First, these data reveal the wide
tuning range of the LSPR, while maintaining enhancement of
the photocatalytic activity. Second, strong photocatalytic
activity were observed even for weak overlap between the
LSPR and the Cu2O absorption edge. Finally, DET and PIRET
complemented one another in the enhancement of the
photocatalytic activity. In contrast, the thinner sample did not
show significant enhancement of photocatalytic activity when
the DET and PIRET processes strongly overlapped, which
suggested that the mechanisms may compete in this case. There
existed an optimal shell thickness for maximizing the overall
visible-light photocatalytic activity (Figure 2a and Supporting
Information, Figure S5). Several factors competed to define the
optimal thickness, as analyzed in the Supporting Information.
In summary, the metal core@semiconductor shell architec-

ture exhibited the plasmonic enhancement of visible-light
photocatalytic activity. The entire visible-light spectrum can be
enhanced by tuning the shell thickness, or a specific spectral
region can be targeted. Transient absorption measurements
showed that both PIRET and DET mechanisms contributed to
the plasmonic energy transfer from the metal to the
semiconductor, leading to charge separation in the Cu2O.
The Ag@Cu2O core-shell structure was an efficient visible-light
plasmonic photocatalyst with the flexibility for tailoring the
plasmonic properties and also an ideal platform for mechanistic
studies of the plasmonic energy transfer from a metal to a
semiconductor. The plasmonic energy transfer mechanisms
outlined in this study can be extended to any metal-
semiconductor interaction, not just Cu2O, outlining the design
strategies for plasmonic enhancement of photocatalysis.

■ ASSOCIATED CONTENT

*S Supporting Information
Experimental details, SEM and TEM images for Ag@Cu2O
nanoparticles, photocatalytic kinetic data, DDSCAT simulation,
and transient absorption spectroscopy. This material is available
free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*Fax: (+1) 304-293-6689. E-mail: nick.wu@mail.wvu.edu.

Author Contributions
∥Li and Cushing contributed equally to this work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the National Science Foundation
(CBET-1233795) and NSF Graduate Research Fellowship
under Grant (1102689).The resource and facilities used in this
work were partially supported by NSF (EPS 1003907), and the
West Virginia University Research Corporation and the West
Virginia EPSCoR Office. The use of WVU Shared Facility was
appreciated.

■ REFERENCES
(1) Maeda, K.; Domen, K. J. Phys. Chem. Lett. 2010, 1, 2655.
(2) Kudo, A.; Miseki, Y. Chem. Soc. Rev. 2009, 38, 253.
(3) Wu, N. Q.; Wang, J.; Tafen, D.; Wang, H.; Zheng, J. G.; Lewis, J.
P.; Liu, X.; Leonard, S. S.; Manivannan, A. J. Am. Chem. Soc. 2010, 132,
6679.
(4) Li, J.; Meng, F.; Suri, S.; Ding, W.; Huang, F.; Wu, N. Q. Chem.
Commun. 2012, 48, 8213.
(5) Meng, F.; Hong, Z.; Arndt, J.; Li, M.; Zhi, M.; Yang, F.; Wu, N.
Q. Nano Res. 2012, 5, 213.
(6) Meng, F.; Li, J.; Hong, Z.; Sakla, A.; Wu, N. Q. Catal. Today
2013, 199, 48−52.
(7) Wang, J.; Tafen, D.; Lewis, J. P.; Hong, Z.; Manivannan, A.; Zhi,
M.; Li, M.; Wu, N. Q. J. Am. Chem. Soc. 2009, 131, 12290.
(8) Tafen, D.; Wang, J.; Wu, N. Q.; Lewis, J. P. Appl. Phys. Lett. 2009,
94, 093101.
(9) Youngblood, W. J.; Lee, S.H. A.; Maeda, K.; Mallouk, T. E. Acc.
Chem. Res. 2009, 42, 1966.
(10) Ni, M.; Leung, M. K.H.; Leung, D. Y.C.; Sumathy, K. Renewable
Sustainable Energy Rev. 2007, 11, 401.
(11) Li, G.; Zhang, D.; Yu, J. C. Environ. Sci. Technol. 2009, 43, 7079.
(12) Wang, D.; Zhao, H.; Wu, N. Q.; El Khakani, A.; Ma, D. J. Phys.
Chem. Lett. 2010, 1, 1030.
(13) Wang, B.; Kerr, L. L. J. Solid State Electrochem. 2012, 16, 1091.
(14) Cushing, S. K.; Li, J.; Meng, F.; Senty, T. R.; Suri, S.; Zhi, M.; Li,
M.; Bristow, A. D.; Wu, N. Q. J. Am. Chem. Soc. 2012, 134, 15033.
(15) Ide, Y.; Matsuoka, M.; Ogawa, M. J. Am. Chem. Soc. 2010, 132,
16762.
(16) Naya, S.; Inoue, A.; Tada, H. Energy Environ. Sci. 2012, 5, 5133.
(17) Awazu, K.; Fujimaki, M.; Rockstuhl, C.; Tominaga, J.;
Murakami, H.; Ohki, Y.; Yoshida, N.; Watanabe, T. J. Am. Chem.
Soc. 2008, 130, 1676.
(18) Hu, C.; Peng, T.; Hu, X.; Nie, Y.; Zhou, X.; Qu, J.; He, H. J. Am.
Chem. Soc. 2010, 132, 857.
(19) Christopher, P.; Ingram, D. B.; Linic, S. J. Phys. Chem. C 2010,
114, 9173.
(20) Ingram, D. B.; Linic, S. J. Am. Chem. Soc. 2011, 133, 5202.
(21) Thomann, I.; Pinaud, B. A.; Chen, Z.; Clemens, B. M.; Jaramillo,
T. F.; Brongersma, M. L. Nano Lett. 2011, 11, 3440.
(22) Liu, Z.; Hou, W.; Pavaskar, P.; Aykol, M.; Cronin, S. B. Nano
Lett. 2011, 11, 1111.
(23) Thimsen, E.; Formal, F.; Graẗzel, M.; Warren, S. C. Nano Lett.
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