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ABSTRACT: We demonstrate the localized surface plasmon
resonance (LSPR) effect, which can enhance the photovoltaic
properties of dye-sensitized solar cells (DSSCs), and the long-
term stability of size-controlled plasmonic structures using a
noncorrosive redox mediator. Gold nanoparticles (Au NPs)
were synthesized with a phase transfer method based on ligand
exchange. This synthetic method is advantageous because the
uniformly sized Au NPs, can be mass produced and easily
applied to DSSC photoanodes. The plasmonic DSSCs showed
an 11% improvement of power conversion efficiency due to
the incorporation of 0.07 wt % Au NPs, compared to the
reference DSSCs without Au NPs. The improved efficiency was primarily due to the enhanced photocurrent generation by LSPR
effect. With the cobalt redox mediator, the long-term stability of the plasmonic structures also significantly increased. The
plasmonic DSSCs with cobalt(II/III) tris(2,2′-bipyridine) ([Co(bpy)3]

2+/3+) redox mediator maintained the LSPR effect with
stable photovoltaic performance for 1000 h. This is, to our knowledge, the first demonstration of the long-term stability of
plasmonic nanostructures in plasmonic DSSCs based on liquid electrolytes. As a result, the enhanced long-term stability of
plasmonic NPs via a noncorrosive redox mediator will increase the feasibility of plasmonic DSSCs.

KEYWORDS: dye-sensitized solar cells, gold nanoparticles, localized surface plasmon resonance, corrosion, cobalt-based electrolyte,
long-term stability

■ INTRODUCTION

The optical properties of noble metal NPs have attracted
considerable attention since Faraday’s study of colloidal Au
NPs.1 The unique properties of noble metal NPs are result of
the localized surface plasmon resonance (LSPR) phenomenon.
The LSPR phenomenon is based on the collective oscillations
of electrons, called surface plasmons, and can be manifested by
the constructive interference between electromagnetic light
fields and surface plasmons of metal NPs.2−6 This LSPR effect
amplifies intense electromagnetic fields near the metal NPs,
leading to the precise control of optical fields and the enhanced
absorption band in UV−vis spectrum.7 The LSPR effect has
been applied to wide range of applications in surface-enhanced
spectroscopy,8−10 optical antennas,11 photolithography,12 pho-
tocatalysts,13−15 and other applications.16,17

In particular, plasmonic nanostructures have been applied in
a variety of solar cell types to enhance the photovoltaic
performance. The enhanced light absorption through LSPR
effects could maintain the optical absorption, while reducing
the physical thickness of solar cell absorption layers.18 Schaadt

et al. reported an 80% enhancement of absorption by Au NP
depositions on silicon (Si) solar cells.19 Derkaces et al.
deposited Au NPs on amorphous Si solar cells and achieved
an increase in efficiency via the excitation of surface plasmon
resonances.20 Pillai et al. achieved a 33% increase in the
photocurrent for thin Si-on-insulator (SOI) cells depositing
silver (Ag) NPs on the devices.21 A significant enhancement of
the photocurrent in n-CdSe/p-Si heterostructures was also
reported by Konda et al. because of surface plasmon excitations
via Au NPs on the surfaces of heterojunction diodes.22 Wu et al.
demonstrated that the conversion efficiency of bulk hetero-
junction polymer solar cells could be improved by local
electromagnetic fields near Au NPs.23 Wang et al. also reported
plasmonic effects on organic bulk heterojunction solar cells
with Ag NPs and achieved a 13% improvement in the
conversion efficiency.24
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In the case of dye-sensitized solar cells (DSSCs), Ihara et al.
proved an enhanced absorption coefficient of the Ru-dye using
an Ag island film.25 Jeong et al. investigated the photocurrent
improvement due to the increased effective absorption cross-
section of the dye as a result of the neighboring Ag NPs.26

More recently, various plasmonic structures have been used to
increase the photovoltaic performance of DSSCs.27−30

In spite of the significant photovoltaic performance improve-
ments, plasmonic DSSCs are limited by the stability of noble
metal NPs. Direct contact with the I−/ I3

−-based liquid
electrolyte causes corrosion of the metal NPs. Several
techniques have been attempted to resolve the dissolution
problem of metal NPs in plasmonic DSSCs. Atomic layer
deposition (ALD) of metal oxides has been used to create a
thin coating on the metal NPs to prevent corrosion.31,32

Alternately, the application of core−shell NPs such as Au@
TiO2 and Au@SiO2 can be used to avoid dissolution of the
metal. The shell layers have preserved core metal NPs from I−/
I3
− redox electrolyte and showed enhanced photocurrent

generation by LSPR effect on DSSCs.33,34 Although these
methods created a shell to avoid direct contact with the I−/ I3

−

redox couple, the metal NPs could be still dissolved by the
permeation of I−/ I3

− ions through the thin coating shell.35 A
thick coating layer is necessary for enhanced stability; however,
thick coating layers cannot be applied to metal NPs because the
LSPR effect on the light absorption of dye strongly depends on
the distance from the NPs.26,36,37 The amplified electric fields
dramatically decrease with the distance from the metal NPs.
Therefore, to overcome these coating method difficulties, it is
necessary to consider alternatives to the conventional I−/ I3

−

redox mediator. Various redox couples have been investigated
as alternative electrolytes in DSSCs.38−43 Among the diverse
redox mediator candidates, cobalt complexes are promising
because of their weak visible-light absorption and potential for
high efficiency.44,45

In this study, we used the cobalt(II/III) tris(2,2′-bipyridine)
([Co(bpy)3]

2+/3+) redox couple for enhanced long-term
stability of Au NPs without sacrificing the plasmonic effects
on the DSSCs. The Au nanostructure corrosion could be
eliminated by applying cobalt-based electrolytes in plasmonic
DSSCs. In addition, we synthesized the 4-dimethylaminopyr-
idine (DMAP)-capped Au NPs using a modified two-phase
transfer method and incorporated these plasmonic structures
into the TiO2 photoanodes.

46 Synthesis methods based on two-
phase transfer have the advantage of mass producing Au NPs
with high uniformity in the particle size, and easy application in
TiO2 paste. Through the application of size-controlled Au NPs
with DMAP stabilizer and cobalt redox mediator, we could
verify the enhanced photovoltaic performance of DSSCs by the
LSPR effect and the resulting long-term stability of the
plasmonic structures.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Au Nanostructures.

The Au NPs were synthesized using a phase transfer method
based on the ligand exchange process as presented in Scheme 1.
When the Au NP synthesis is performed in aqueous media, it is
difficult to obtain concentrated NPs or precisely control the
particle size. On the contrary, Au NPs with a narrow size
distribution as well as higher concentration can be obtained
from synthesis in organic solvents.46 Therefore, we synthesized
Au NPs in toluene using tetraoctylammonium bromide
(TOABr) as a ligand for mass produced uniformly sized NPs.

After the synthesis, the TOABr-capped Au NPs were
transferred to an aqueous solution by ligand exchange between
TOABr and DMAP. Due to the DMAP stabilizer, the size-
controlled Au NPs were easy to blend with TiO2 paste for
plasmonic photoanode fabrication. Figure 1a and b show the
high-resolution transmission electron microscopy (HR-TEM)
images of Au NPs with different stabilizers. As shown in Figure
1a, the diameter of TOABr capped Au NPs is about 5 nm, and
the particle size is very uniform. The inset of Figure 1a
illustrates the complete transfer of the Au NPs from toluene to
deionized (DI) water. The addition of a DMAP solution (0.1
M) to the TOABr-Au mixtures led to ligand exchange across
the toluene/water interface. The endocyclic nitrogen atoms of
the DMAP molecules formed a complex with the surface atoms
of the Au NPs, and the partial protonation of exocyclic nitrogen
atoms resulted in the Au NP transfer into DI water.47 Figure 1b
proves the successful phase transfer of the Au NPs from toluene
to DI water. The uniformity of the DMAP-stabilized Au NPs is
high with no significant aggregation. The inset to Figure 1b also
shows the DMAP-capped Au NPs with 5 nm size, and the
lattice distance (d) is 0.24 nm relevant to the (111) plane of
Au.
To confirm the crystallinity of DMAP-capped Au NPs, the X-

ray diffraction (XRD) pattern was measured at 2θ ranging in
the 30 to 90° range for the Au NPs deposited on the SiO2
substrate. As shown in Figure 1c, the XRD pattern showed two
distinct peaks, which can be assigned to the diffraction of the
(111) and (200) planes of the face-centered cubic (FCC) Au
NPs. We also observed the UV−vis spectra of the Au NPs in
solution with different ligands to substantiate the successful
transfer of the Au NPs from toluene to DI water. Figure 1d
illustrates the plasmonic absorption peak position of TOABr-
capped Au at 530 nm. The DMAP-capped Au NPs show a
broadening absorption band at 531 nm, and the observed
broadening is due to flocculated particles. As the pH value of
the DMAP solution was lowered, the ratio of flocculated
particles increased.48 However, the flocculation of particles
could be easily suppressed by sonication, and the colloidal
particles were stable in the pH range from 7 to 12. These data
demonstrate that synthesis based on the phase transfer method
could yield size-controlled Au NPs with a high concentration
and crystallinity in an aqueous solution.

Chemical Stability of Au NPs in Electrolytes. Previous
studies have reported that the I−/I3

− redox couple could
dissolve metal NPs such as Ag and Au NPs. Due to this
corrosion problem, many studies proposed coating the metal
NPs via atomic layer deposition (ALD) method or the

Scheme 1. Synthesis of Au NPs Based on Phase Transfer
from Toluene to DI Water by the Addition of DMAP
Stabilizers
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synthesis of metal core@nonmetal shell NPs.26,31−35,49 Never-
theless, I−/I3

− ions could penetrate the thin coating layers
within a very short time frame.26,35 In order to avoid corrosion
of the Au NPs, we synthesized and utilized cobalt(II) and (III)
complexes as an alternative electrolyte for developing
plasmonic DSSCs. To investigate the chemical stability of the
Au NPs, we measured the time-dependent absorption spectra
of the DMAP-capped Au NPs in solution after adding two
types of electrolytes. As shown in Figure 2a, the plasmonic
absorption peak of the Au solution rapidly decreases after the
addition of the I−/I3

− redox electrolyte, and the peak seems to
disappear within 8 min. The extinction of this absorption peak
is ascribed to the fact that the I−/I3

− redox couple effectively
oxidized the Au NPs to form a thermodynamically stable
[AuI2]

− complex by the following reaction50

+ + ⇔− − −2Au I I 2[AuI ]3 2 (1)

On the contrary, Figure 2b shows that there is no discernible
difference in the absorption peak of the Au solution with
[Co(bpy)3]

2+/3+ redox couple after 12 h, implying that the
DMAP-capped Au NPs would not corrode in [Co(bpy)3]

2+/3+

based electrolytes. This obvious distinction of the time-
dependent absorption peaks between [Co(bpy)3]

2+/3+ and I−/
I3
− redox couple verifies the long-term stability of Au

nanostructures with cobalt redox electrolytes.
We also measured the cyclic voltammograms to investigate

the electrochemical behaviors of Au NPs in electrolytes based
on [Co(bpy)3]

2+/3+ and I−/I3
−. In Figure 3a, the cyclic

voltammograms exhibit two redox peaks at Eox (0.24 V) and
Ered (−1.5 V) for Au-coated FTO electrodes in I−/I3

− redox
electrolytes, measured at a scan rate of 25 mV/s. These peaks

are attributed to effect of I−/I3
− redox couples on Au atoms

according to the following electrochemical reaction51

+ → +− − −Au 2I AuI e2 (2)

+ →− − −I 2e 3I3 (3)

The currents of Eox and Ered for the Au films significantly
decrease with the number of cycling tests, indicating that the
electrochemical response attenuates through the dissolution
phenomena of Au atoms. As the thermodynamically stable
AuI2

− complexes were formed, the amount of pristine Au atoms
decreased, and I3

− could not be reduced to I−. Thus, the rate of
oxidation and reduction became drastically slower according to
the cycling number. The inset of Figure 3a also indicates
corrosion of the Au atoms on FTO by the I−/I3 redox couple.
As the cycle number increases, the absolute currents for
oxidation and reduction were dramatically reduced.
As shown in Figure 3b, the cyclic voltammograms exhibit two

redox peaks at Eox (0.24 V) and Ered (−0.08 V) for Au
electrodes with cobalt complex redox electrolytes, measured at
a scan rate of 25 mV/s. The Au-coated electrodes exhibited
reversible and ideally shaped CVs during 1500 cycles, which
agrees with the previously reported study.44 This result suggests
that no observable dissolution phenomena of the Au atoms
existed and that the Au NPs have a stable electrochemical
activity with cobalt redox species. The inset of Figure 3b also
shows the electrochemical stability of Au atoms with [Co-
(bpy)3]

2+/3+ redox couple. The absolute currents for oxidation
and reduction were preserved for 1500 cycles. From these
results, we confirm that the electrochemical behavior of Au
atoms is stable in cobalt redox electrolytes, compared with
those of conventional electrolyte based on I−/I3

−.

Figure 1. Synthesis and characterization of Au NPs. (a) TEM image of TOABr Au NPs synthesized in toluene. The inset shows the phase transfer of
the Au NPs from toluene to DI water. (b) Au NPs after transfer into an aqueous solution by the addition of DMAP. The inset shows 5 nm Au NPs
and the lattice distance relevant to (111) plane of Au. (c) XRD patterns of Au NPs stabilized by DMAP (d) Absorbance spectra of TOABr-capped
Au NPs in toluene (blue line) and DMAP-capped Au NPs in a DI solution (red line).
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Effect of the Au NP Concentration on the Photo-
voltaic Performance of DSSCs. To investigate the optimum
concentration of Au NPs in TiO2 photoanodes, various
amounts of Au NPs (Au to TiO2 weight ratio from 0.03 to
0.1 wt %) were incorporated in the TiO2 paste. Figure 4 shows
the dependence of the photovoltaic parameters on the
concentration of Au NPs. For reliable measurements, 20
parallel devices were fabricated at each condition. As shown in
Figure 4a and b, the short circuit current density (Jsc) gradually
increased without severe loss of the open circuit voltage (Voc)
as the concentration of Au NPs increased to 0.07 wt %. On the
other hand, Jsc decreased when the concentration of Au NPs
increased beyond 0.07 wt %. The fill factor (FF) and power
conversion efficiency (η) also decreased noticeably when the
concentration is greater than 0.07 wt %, as shown in Figure 4c
and d, respectively. We conjecture that the degraded perform-
ance at these concentrations could be ascribed to the trapping
of electrons as well as the loss of light absorption due to the
excessive presence of Au NPs.33,34 From these results, we could
optimize the concentration of Au NPs in the photoanodes and
maximize the LSPR effect for the enhanced light harvesting of
DSSCs.
Enhanced Light Harvesting of Dyes by LSPR Effect.

The LSPR phenomenon occurs when free electrons on the
surface of nanostructures are stimulated by incident light. As

the frequency of light matches with the natural frequency of
collective oscillations of surface electrons, the electric fields
around plasmonic NPs induce enhanced strength of the
incident light.52−55 This enhancement of the localized electro-
magnetic fields around nanostructures is a key factor for
increasing the absorption cross-section of dyes. In order to
validate the LSPR effect, 4 μm TiO2 films with 0.07 wt % Au
NPs were prepared. For comparison, pristine TiO2 photo-
anodes with same thickness were prepared. In order to examine
whether the amount of dye loading on the photoelectrodes
would change after the introduction of Au NPs, we compared
the dye loading amounts of the films, and similar amounts of
dye loading on pristine and plasmonic photoanodes were
evaluated. The obtained values are 2.65 × 10−7 mmol cm−2 and
2.63 × 10−7 mmol cm−2 for the pristine TiO2 films and films
with 0.07 wt % Au NPs, respectively. Therefore, the differences
in the photovoltaic properties do not originate from the
amount of dyes on the films.
The absorption spectra of different types of dye-adsorbed

TiO2 films are displayed in Figure 5. While the dyed pristine
TiO2 films and films incorporated Au NPs exhibit similar

Figure 2. Time-dependent UV−vis absorbance spectra of DMAP-Au
solution after adding (a) the I−/I3

− redox electrolytes containing 0.1 M
LiClO4, 0.05 M LiI, 0.03 M I2, 0.1 M GSCN and 0.5 M TBP in ACN
or (b) the [Co(bpy)3]

2+/3+ redox electrolytes containing 0.22 M
Co(bpy)3(PF6)2, 0.033 M Co(bpy)3(PF6)3, 0.1 M LiClO4 and 0.5 M
TBP in ACN.

Figure 3. Cyclic voltammograms for [Co(bpy)3]
2+/3+ and I−/I3

− redox
mediators using Au NPs coated FTO as a working electrode, measured
at a scan rate of 25 mV/s (a) The I−/I3

− redox electrolytes containing
0.1 M LiClO4, 0.05 M LiI, 0.03 M I2, 0.1 M GSCN and 0.5 M TBP in
ACN. The inset shows the absolute currents of oxidation (Iox) and
reduction (Ired) with respect to the cycle number (b) The
[Co(bpy)3]

2+/3+ redox mediators containing 0.22 M Co(bpy)3(PF6)2,
0.033 M Co(bpy)3(PF6)3, 0.1 M LiClO4 and 0.5 M TBP in ACN. The
dependency of the absolute currents of oxidation (Iox) and reduction
(Ired) is also shown in the inset.
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shapes of absorption spectra, we observe enhanced light
absorption for films containing 0.07 wt % Au NPs. This is in
good agreement with previous reports on the enhancement of
the light harvesting efficiency by plasmonic effects.25,26,30−35

The absorption cross-section of Z907 dye increased due to the
strong coupling between the locally enhanced electromagnetic
fields of Au NPs and the electronic transitions of the dye.17

This enhanced light harvesting of dye was observed over the
whole visible wavelength.33

LSPR Effect on Photovoltaic Performance of DSSCs.
To investigate the LSPR effect on photovoltaic performance of
DSSCs, reference cells with pristine TiO2 films and plasmonic

cells with photoanodes containing 0.07 wt % Au NPs were
fabricated. Figure 6 shows the photocurrent density−voltage

characteristics (J−V curves) of the reference DSSCs and
plasmonic DSSCs incorporated with 0.07 wt % Au NPs. The
thickness of the TiO2 photoanode films for both the reference
and plasmonic cells was fixed at 4 μm. The photovoltaic
parameters are summarized in Table 1. For statistical analysis,
Histograms and standard deviations of photovoltaic properties
of the reference DSSCs and plasmonic DSSCs with 0.07 wt %
Au NPs are shown in Figure S1 and Table S1 in the Supporting
Information, respectively. The plasmonic DSSCs exhibited an

Figure 4. Dependence of photovoltaic parameters on the amounts of Au NPs in photoanodes: (a) short-circuit current density (Jsc), (b) open circuit
voltage (Voc), (c) fill factor (FF), and (d) efficiency (η).

Figure 5. UV−vis absorbance spectra of the dye-adsorbed TiO2 film
(blue line) and dye-coated TiO2 film with 0.07 wt % Au NPs (red
line).

Figure 6. Photocurrent density−voltage (J−V) curves of reference
DSSC with pristine TiO2 photoanodes (blue line) and plasmonic
DSSC with photoanodes containing 0.07 wt % Au NPs (red line).
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enhanced η of 4.34%, compared to 3.89% of reference DSSCs.
We find Voc and FF of plasmonic DSSCs to be 0.68 V and 0.62,
respectively. For the reference DSSCs, Voc and FF are 0.69 V
and 0.64, respectively. The Voc could be affected by the types of
cobalt complexes because of the various redox potentials. Feldt
et al. reported that the redox potential of [Co(bpy)3]

2+/3+ is less
positive than that of cobalt(III/II) tris(5-nitro-1,10-phenan-
throline), [Co(NO2-phen)3]

n+ (E0([Co(bpy)3]
n+) = 0.56 V vs

NHE, E0([Co(NO2-phen)3]
n+) = 0.85 V vs NHE).56 In our

study, we used [Co(bpy)3]
2+/3+ as a redox mediator. Therefore,

reference DSSCs and plasmonic DSSCs showed Voc around 0.7
V, consistent with previous reports.57,58

While Voc and FF of plasmonic cells are similar to those of
the reference cells, Jsc of the plasmonic DSSCs increased from
8.81 mA/cm2 to 10.29 mA/cm2. We also investigate LSPR
effect on the photovoltaic performance of plasmonic DSSCs
with thinner thickness. In Figure S2 and Table S2 in the
Supporting Information, the plasmonic DSSCs with 1.1 μm
also showed enhancement of Jsc and η, whereas Voc and FF of
plasmonic cells are similar to those of reference. Therefore, the
obvious increase of Jsc is the predominant efficiency improve-
ment factor through the LSPR effect on the light harvesting of
dye molecules.
To further investigate the LSPR effect on the spectral

response for DSSCs, an IPCE measurement was performed.
The IPCE can be expressed by59

λ λ φ η=IPCE( ) LHE( ) inj coll (4)

where LHE(λ) is the light-harvesting efficiency for photons at a
given wavelength, ϕinj is the electron injection efficiency, and
ηcoll is the electron collection efficiency. The enhanced light
absorption of the sensitized photoanodes by LSPR effect
induces the light harvesting increase and consequently
enhances the IPCE of solar cells. As expected, a higher IPCE
value is observed for the plasmonic DSSC as shown in Figure
7a. Figure 7b represents the IPCE enhancement (%) of the
plasmonic DSSCs employing 0.07 wt % Au NPs with respect to
the reference cells. The IPCE enhancement is observed over
the whole spectral range, and the degree of enhancement is
more prominent in the range 600−700 nm. This observation is
consistent with previous reports.60,61 As shown in Figure S3 in
the Supporting Information, Au NPs in TiO2 photoanode
sustain their size and shape after heat treatment because there is
enough gap of space between Au NPs, avoiding Oswald
ripening. We could conjecture that the size change of Au NPs
were not a dominant factor of the tendencies of IPCE
enhancement in our devices. Therefore, the IPCE enhancement
tendencies could be due to the medium effect on LSPR peak
wavelength (λmax). As the refractive index of medium increases,
λmax shifts to longer wavelength.62 The LSPR peak position of

Au NPs in anatase TiO2 film is predicted at 648 nm according
to Mie theory.63 Thus, Au NPs embedded in anatase TiO2 films
of DSSCs could show red-shift in λmax and the LSPR effect on
the photovoltaic performance could increase in 600−700 nm.
In the wavelength range over 700 nm, the IPCE enhancement
could be due to the poor signal-to-noise ratio of IPCE
measurement in longer wavelength spectrum.60

We also investigated the absorbed photon-to-current
efficiency (APCE) for an in-depth investigation of the LSPR
effect on the enhanced photovoltaic characteristics of DSSCs.
The APCE is given by64,65

λ
λ
λ

α

λ

φ η

=

=

=
− −

=

R T

APCE
IPCE( )
LHE( )
IPCE( )

IPCE( )
1

active layer

active layer active layer

inj coll (5)

where APCE is the product of ϕinjηcoll. The LHE(λ) value
which corresponds to the absortance of active layer (αactive layer)

Table 1. Photovoltaic Parameters of Reference DSSC and
Plasmonic DSSC with 0.07 wt % Au NP Incorporated
Photoanode

samplesa Jsc (mA/cm
2) Voc (V) FF η (%)

reference 8.81 0.69 0.64 3.89
0.07 wt % 10.29 0.68 0.62 4.34

aThe photoanodes thickness for reference and plasmonic DSSCs are
adjusted 4 μm. The active area of films is 0.40 cm2 and the black mask
was applied to the surrounding active area during the measurement.
The photovoltaic parameters were measured under AM 1.5
illumination (100 mW/cm2).

Figure 7. (a) Incident photon-to-current conversion efficiency (IPCE)
spectra of the reference DSSCs with pristine TiO2 photoanodes (blue
line) and plasmonic DSSCs with 0.07 wt % Au NP-incorporated
photoanodes (red line). (b) IPCE enhancement of plasmonic DSSCs
with Au NPs, where the IPCE enhancement (%) = (IPCEplasmonic cell(λ)
− IPCEreference cell(λ))/IPCEreference cell × 100.
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is increased by the localized enhanced electromagnetic field
near the Au NPs. However, both ϕinj and ηcol are not
significantly affected by LSPR effect. Thus, there was no
appreciable difference of APCE between reference and
plasmonic cells.66 To carry out a detailed analysis, we calculated
the LHE(λ) of the electrodes by subtracting the difference
between the transmittance of active layer (Tactive layer) and the
reflectance of active layer (Ractive layer) from unity.67 Using an
integrating sphere, Tactive layer and Ractive layer were measured by
UV−vis spectra. Figure 8a shows the APCE spectrum of the

reference cells and plasmonic cells with 0.07 wt % Au NPs. The
plasmonic cells show similar APCE values to the reference cells
over the whole wavelength region. Although the IPCE of the
plasmonic DSSCs increased over that of the reference cells, we
found no distinction between the APCE of the plasmonic and
reference cells. Therefore, the enhanced photocurrent of
plasmonic DSSCs is predominantly determined by the
improvement of LHE(λ) value via the LSPR effect. The
APCE enhancement, shown in Figure 8b, indicates analogous
APCE values over a wide spectral region. These results
explicitly demonstrate that the enhanced light harvesting of
dye molecules by localized electromagnetic fields near
plasmonic NPs accounts for the improved photocurrent.

Long-Term Stability of Plasmonic DSSCs with Cobalt-
Based Electrolytes. The primary motivation of this work is to
develop long-term stable plasmonic DSSCs by replacing the
conventional iodine based electrolytes by cobalt based
electrolytes. Thus, we monitored the performance change of
DSSCs employing cobalt based electrolytes with time. Panels a
and b in Figure 9 reveals Jsc and η for the plasmonic and
reference devices with cobalt redox electrolyte for 1000 h.
During the test, the photovoltaic properties of the cells were
periodically measured, and the cells were stored under dark
conditions at room temperature. As shown in Figure 9a and b,
the plasmonic DSSCs maintained an improvement of Jsc and η
by 17 and 11%, respectively, during the test. After 1000 h, the
plasmonic DSSCs continue to exhibit superior performances
over those of the reference cells due to the sustainable LSPR
effects. These data correspond with the UV−vis and CV
measurements in Figures 2 and 3. On the basis of our
investigation, we can confirm long-lasting LSPR effects for
increasing the light harvesting efficiency of DSSCs using a
noncorrosive cobalt redox mediator.

■ CONCLUSIONS
In summary, we demonstrate that the LSPR effect can enhance
the photovoltaic performance of DSSCs and the long-term
stability of exquisite plasmonic structures using cobalt redox
electrolytes. In order to precisely control the size of Au NPs,
the Au NPs are synthesized using a phase transfer method with
a DMAP stabilizer. This method is advantageous because
uniformly sized Au NPs can be mass produced and easily
applied to DSSCs photoanodes. The photovoltaic parameters
are dependent on the concentration of Au NPs in TiO2

Figure 8. (a) Absorbed photon to current efficiency (APCE) of the
reference DSSCs (red line) and plasmonic DSSCs with 0.07 wt % Au
NPs (blue line). (b) APCE enhancement of plasmonic DSSCs with Au
NPs, where the APCE enhancement (%) = (APCEplasmonic cell(λ) −
APCEreference cell(λ))/APCEreference cell × 100.

Figure 9. Long-term stability of the reference DSSCs (blue line) and plasmonic DSSCs (red line) with cobalt redox mediator. (a) Short circuit
current density and (b) efficiency of cells using [Co(bpy)3]

2+/3+ redox electrolytes.
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photoanode. With 0.07 wt % Au NPs, the DSSCs exhibited
preeminent cell performance among those incorporating
various concentrations of Au NPs. Compared to the reference
cells without Au NPs, the DSSCs incorporated with 0.07 wt %
Au NPs showed improvements in Jsc and η by 17 and 11%,
respectively, without considerable differences in Voc and FF.
This improvement of the photovoltaic performance is
predominantly due to the enhanced optical absorption of the
dye molecules as a result of the intensified electromagnetic field
near the Au NPs. The LSPR effect on the photocurrent was
further characterized by UV−vis, IPCE, and APCE analysis.
Compared to the reference DSSCs, the IPCE and UV−vis
spectra of plasmonic DSSCs showed enhanced light harvesting
of dye molecules over the whole wavelength spectrum.
However, there was no discernible difference in the APCE
spectra between the plasmonic and reference DSSCs. There-
fore, light harvesting improvement by LSPR effect was the
primary factor in the enhanced photovoltaic performance of the
DSSCs. The plasmonic DSSCs with cobalt redox mediator also
exhibited improved stability of the Au nanostructures,
compared to those with the I−/I3

− redox electrolyte. Using
the [Co(bpy)3]

2+/3+ redox electrolyte, the LSPR effects for the
enhanced light harvesting of DSSCs could be maintained for
1000 h. This result verifies that cobalt complexes are promising
materials for maximizing the performance of plasmonic DSSCs
and the long-term stability of plasmonic structures. Therefore,
our approach will lead the realization of highly reliable
plasmonic DSSCs.

■ EXPERIMENTAL SECTION
Synthesis of Au NPs. The Au NPs were synthesized using a two-

phase method based on ligand exchange reported by D. I. Gittins et
al.46 First, a 30 mL solution of aqueous gold chloride (HAuCl4, 30
mM) was added to an 80 mL solution of tetraoctylammonium
bromide in toluene (TOABr, 25 mM). After all Au precursors were
transferred into the toluene phase, a 25 mL solution of sodium
borohydride (NaBH4, 0.4 M) was added to the stirred mixture. Then,
the two phases in the mixture were separated, and the water phase was
discarded. The prepared Au NPs in toluene phase were washed with
0.1 M H2SO4, 0.1 M NaOH, and H2O. Finally, a 35 mL solution of 4-
dimethylaminopyridine (DMAP, 0.1 M) in deionized (DI) water was
added to the as-prepared TOABr-capped Au mixtures. The phase
transfer across the interface of two phases finished within 10 h.
Characterization of Au NPs. Structures of Au NPs were

examined by transmission electron microscopy (FEI, TECNAI G2

F30 ST, at 100 kV). The X-ray diffraction (XRD) patterns of Au NPs
were obtained by using an X-ray diffractometer (Rigaku, D/MAX-
2500) equipped with a rotating anode and Cu Kα radiation source (λ =
0.15418 nm). The absorbance spectra of Au NPs were measured by an
ultraviolet−visible (UV−vis) spectrophotometer (PerkinElmer, Lamb-
da 35) in the wavelength range of 350−800 nm. The electrochemical
activities of the Au-adsorbed fluorine-doped tin oxide (FTO)
electrodes were investigated by an electrochemical analyzer (CH
Instruments Inc., CH1600C) using a single-compartment cell
equipped with the Au-coated FTO as a working electrode, a platinum
(Pt) wire counter electrode, and an Ag/Ag+ (0.1 M AgNO3) reference
electrode. In this case, the cyclic voltammograms (CV) curves of Au-
coated FTO electrodes were obtained using different redox couples
(I−/I3

− and [Co(bpy)3]
2+/3+) at a scan rate of 25 mV/s. The cobalt

redox electrolyte contained 0.22 M [Co(bpy)3](PF6)2, 0.033 M
[Co(bpy)3](PF6)3, 0.1 M LiClO4, and 0.2 M 4-tert-butylpyridine
(TBP) in acetonitrile (ACN). The composition of the I−/I3

− redox
electrolyte was an ACN solution containing 0.1 M LiClO4, 0.05 M LiI,
0.03 M I2, 0.1 M guanidinium thiocyanate (GSCN), and 0.5 M TBP.
Synthesis of Cobalt Complexes. The cobalt complexes [Co-

(bpy)3(PF6)2]
2+ and [Co(bpy)3](PF6)2]

3+ were synthesized using the

following procedure.68 The cobalt(II) chloride hexahydrate (CoCl2·
6H2O, 5 mmol) and 2,2′-bipyridyl (16.5 mmol) were dissolved in 30
mL of methanol and refluxed for 2 h. After cooling, ammonium
hexfluorophosphate (NH4PF6, 25 mmol) was added to the reaction
solution for precipitation. The precipitated compound was filtered and
dried under vacuum. To obtain the cobalt(III) complex, we performed
the oxidation of [Co(bpy)3(PF6)2]

2+ by adding excess nitrosonium
tetrafluoroborate (NOBF4) to the cobalt(II) complex in the ACN
solution. After removing the ACN with a rotary evaporator, we
redissolved the residue in 20 mL of ACN, and an excess amount of
NOBF4 was added to the solution. The precipitated product was
filtered and dried under vacuum.

Preparation of Solar Cells. A TiO2 paste incorporating DMAP-
capped Au NPs was fabricated with the following modified
procedure.33,34 Various amounts of Au NPs (Au to TiO2 weight
ratio from 0.03 to 0.1 wt %) were mixed with the TiO2 paste
(consisting of TiO2, ethyl cellulose, lauric acid, and terpineol),
followed by stirring and sonicating for 10 h. After mixing the TiO2
paste with Au NPs, FTO glasses (TEC-8, Pilkington) were cleaned
with an ethanol solution using sonication. Both the pristine TiO2 paste
and TiO2 paste with Au NPs were coated on the FTO glasses using a
doctor-blade, and the thickness of TiO2 film was fixed at 4 μm. The
deposited TiO2 photoanodes were sintered at 500 °C for 30 min in air.
Before the dye adsorption, the annealed TiO2 electrodes were
immersed in a TiCl4 solution at 80 °C for 30 min and sintered
again for 30 min. After TiCl4 treatment, the TiO2 photoanodes were
immersed into 0.6 mM cis-Bis(isothiocyanato)(2,2′-bipyridyl-4,4′-
dicarboxylato)(4,4′-dinonyl-2′-bipyridyl)ruthenium(II) (Z907 dye,
Dyesol) in an ACN:tert-butyl alcohol (1:1 vol %) for 24 h. Then,
the dyed photoanodes were rinsed with ethanol. For the counter
electrodes, the FTO-coated glasses were cleaned with ethanol and
coated with a 7 mM H2PtCl6 solution before they were sintered at 400
°C for 20 min. The counter electrodes and dyed photoanodes were
assembled into a sandwich type cell and sealed with a spacer (25-μm-
thick Surlyn, Solaronix). The electrolyte solutions based on I−/I3

− and
[Co(bpy)3]

2+/3+ were injected into a hole, which was drilled in the
assembled cells, using capillary action. The cobalt redox mediator
included 0.22 M [Co(bpy)3](PF6)2, 0.033 M [Co(bpy)3](PF6)3, 0.1 M
LiClO4 and 0.2 M 4-tert-butylpyridine in ACN. For comparison, the
I−/I3

− redox electrolyte was prepared by an ACN solution containing
0.1 M LiClO4, 0.05 M LiI, 0.03 M I2, 0.1 M GSCN, and 0.5 M TBP.

Characterization of Solar Cells. The thickness of TiO2
photoanodes was measured by a surface profiler (KLA-Tencor,
Alpha-step IQ). The optical properties of the TiO2 photoanodes
and devices were measured by UV−vis spectrophotometer (Perki-
nElmer, Lambda 35) in the wavelength spectrum of 350−800 nm. The
amounts of dye loading were measured by UV−vis spectra of the
desorbed dye molecules using a 1 M NaOH aqueous solution. The
photovoltaic properties of the solar cells were measured by a solar
simulator equipped with a 1600 W xenon lamp (Yamashida Denso,
YSS-200A) and a Keithley model 2400 source measurement unit. A
solar simulator with a KG-3 filter served as the light source. A National
Renewable Energy Laboratory (NREL)-calibrated Si solar cell was
used as a reference cell to adapt the light intensity to AM 1.5G and the
1 sun condition. The active area for each cell was 0.40 cm2, which was
measured by a digital microscope camera (Moticam1000). Before the
photocurrent density−voltage (J−V) measurement, a black aperture
mask was attached on each cell to prevent additional illumination from
lateral light. An incident photon-to-current conversion efficiency
(IPCE) system (PV Measurements Inc.) was used to measure the
IPCE as a function of the wavelength between 300 and 800 nm.
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