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a b s t r a c t
A nanostructure-based Pt counter electrode for dye-sensitized solar cells (DSSCs) is
fabricated by assembly of silver nanoparticles on glass substrate and deposition of a thin
Pt layer. This typical counter electrode has several unique behaviors such as good conductivity, quasi-uniform undulating morphology and high surface area. Studies indicate that
the application of the FTO-free nanostructure-based Pt counter electrode in DSSCs can
decrease the charge-transfer resistance of the Pt/electrolyte interface, enlarge the light
pathway and enhance the light reabsorption superior to the devices with planar Pt counter
electrode. In addition, theoretical analysis and experimental study demonstrate that the
hot electrons injection effect caused by Localized Surface Plasmon Resonance effect of
silver nanoparticles enhances the charge transport characteristic at the Pt/electrolyte
interface, and this SPR effect makes the certain contributions on the enhancement of the
photovoltaic performance of DSSCs. Compared to the DSSC with traditional planar counter
electrode, the incident photon-to-current conversion efﬁciency, short-circuit current, and
power conversion efﬁciency of DSSCs with nanoparticulate structure are increased by
1.117 times, 1.156 times, and 1.145 times, respectively; and the ﬁnal power conversion
efﬁciency (PCE) increases from 6.95% to 7.96%.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Dye-sensitized solar cells (DSSCs) have attracted much
attention and have been extensively studied since their
discovery by Gräetzel et al. [1]. In recent years, the efﬁciency of DSSC has reached up to 12.3% [2]. Given their various advantages, such as simplicity, eco-friendly
fabrication, and low cost, DSSC have emerged to be one
of the most promising alternatives to conventional silicon-based solar cells [3–6]. DSSC comprises two electrodes
separated by an electrolyte containing an iodide/tri-iodide
⇑ Corresponding author. Tel./fax: +86 29 82664867.
E-mail addresses: zhaoxinwu@mail.xjtu.edu.cn (Z. Wu), Ahmed_ElShafei@ncsu.edu (A. El-Shafei).
http://dx.doi.org/10.1016/j.orgel.2014.03.004
1566-1199/Ó 2014 Elsevier B.V. All rights reserved.

redox couple: a dye-attached nanocrystalline TiO2 ﬁlm on
a ﬂuorine-doped tin oxide (FTO) glass as the anode and a
Pt counter electrode as the cathode. The counter electrode
transfers electrons from the external circuit back to the
electrolyte and simultaneously catalyzes the reduction of

I
ions. The light reﬂection and scattering by the
3 to I
counter electrode can increase the light absorption efﬁciency of the photoanode. Therefore, the counter electrode
structure that exhibits high catalyzing activity and excellent optical characteristics could achieve more efﬁcient
DSSCs [7].
Different counter electrode structures have been widely
investigated recently and different fabrication processes of
Pt coating have been developed. The most representative
Pt coating processes used to fabricate counter electrodes
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for DSSC include electrochemical deposition and thermal
treatment, electron-beam evaporation, sputtering, thermal
decomposition of H2PtCl6, and self-assembly of Pt nanoparticles [8–11]. Counter electrodes have also been fabricated from other materials such as carbon black, carbon
nanotubes [12], graphene [13,14], and various polymers
[15–17]. DSSCs with Pt counter electrodes have higher
energy-conversion efﬁciency compared with other DSSCs
as the Pt has excellent electrocatalytic performance, chemical and thermal stability, and strong light reﬂection [18].
Recent studies about Pt counter electrodes show that
electrodes with rough surface or micro-nanostructure can
increase the contact area of Pt/electrolyte interface and
thereby improving the performance of DSSCs [19–21],
however, these reported methods are limited by the
cumbersome prepare processes and uncontrollable
morphology.
In our study, a typical nanostructured counter electrode
on the basis of quasi-uniform self-assembled silver nanoparticles (NPs) is introduced to enhance the performance
of DSSCs, with the advantages of easy processing and
controllable morphology the electrode process has a
universality application value. The combination of thin Pt
ﬁlm and self-assemble silver NPs achieve a good conductive electrode, the higher electrochemical contact surface
of Pt/electrolyte interface improve the cathode processing
and achieve the efﬁcient catalytic activity. More ever, the
light diffuse reﬂection effect of the electrode could play
the role as scatter layer of photoanode to enhance the
light-harvesting efﬁciency of DSSCs.
In addition to the major characteristics of the high surface area and strong light diffuse reﬂection, the nanostructure-based Pt counter electrode could provide generation
and injection of hot electrons caused by Surface Plasmon
Resonance (SPR) excitation of silver nanoparticles. This
plasmonic effect is usually applied to the photoanode of
the DSSCs, here we ﬁrst developed it in counter electrode
and discussed the mechanism by experiment and simulation. The results show that the hot electrons injection
effect caused by the SPR effect could also make some contribution to the improvement of the conversion efﬁciency
of DSSCs. Compared to the DSSCs with planar counter electrode, the quantum efﬁciency, short-circuit photocurrent,
and power conversion efﬁciency of DSSC with optimized
nanostructure-based counter electrode were enhanced by
1.117 times, 1.156 times, and 1.145 times, respectively.
This typical nanostructured counter electrode with
multiple behaviors has the potential to become a superior
choice of DSSCs.

2. Experimental section
2.1. Preparation and characterization of the nanostructured
counter electrode
The quasi-uniform and different densities of silver
nanoparticles for counter electrode were prepared by the
self-assembly method [22]. A solution of silver nitrate
(40 mg in 200 ml H2O) was stirred at 60 °C, and then trisodium citrate (6 ml, 34 mM) was added dropwise to the

solution. The temperature of the reaction mixture was
raised to 85 °C, and 165 mg polyvinylpyrrolidone (PVP)
was added as the character of an excellent dispersant, then
the solution was stirred for 1 h until the color of reaction
mixture turned to a yellowish brown. The colloidal solution was centrifuged three times at 2500 rpm for 30 min
each time, which produced a ﬁnal precipitate containing
quasi-uniform nanoparticles with the diameter of 70 nm.
In order to obtain the different density of nanoparticles,
the quartz slides were dipped into a 2% aqueous solution
of 3-aminopropyltriethoxy-silane (APS) for 1 h, 2 h and
5 h at room temperature, respectively. Then the three
groups of slides were washed extensively with water and
air-dried. Finally, the APS-coated quartz slides of group
1,2 and 3 were kept immersed in the silver colloidal solution at room temperature overnight. The silver colloidal
deposited slides were rinsed with deionized water several
times prior to the annealing. Annealing of silver colloid
ﬁlms was performed by placing the silver-coated slides in
a vacuum drying oven at temperatures of 160 °C for 5 h,
which produced smoother surface of nanoparticles. The
schematic diagrams of three structures are shown in
Fig. 1. On these three different substrates, thin Pt ﬁlm
(8 nm) were deposited by sputtering to produce continuous Pt ﬁlm as counter electrodes with the different roughness and surface morphologies.
2.2. DSSC fabrication
Glass substrates coated FTO (Nippon Sheet Glass, Japan,
2.2 mm thickness, 14 X/h) were cleaned in a detergent
solution for 30 min in an ultrasonic bath, rinsed with
deionized water for 30 min, isopropanol and EtOH for
30 min, respectively. A transparent layer was screenprinted with a transparent TiO2 paste (Degussa, P25,
25 nm),then the coated ﬁlms were dried at temperature
of 125 °C for 6 min. This screen-printing procedure with
the paste was repeated to obtain an appropriate thickness
of 8 lm of TiO2 for the working electrode. The coated substrates were thermally treated under an air ﬂow at 325 °C
for 5 min, 375 °C for 10 min, 450 °C for 15 min and 500 °C
for 15 min, respectively. After cooling down to 80 °C, the
TiO2 electrode was stained by immersing it into a dye solution containing NaRu(4,40 -bis(5-(hexylthio)thiophen-2-yl)
-2,20 -bipyridine)(4-carboxylic acid-40 -carboxylate-2,20 -bipyridine)(NCS)2 (C106) as presented in Fig. 2 sensitizer
(300 lM) in a mixture of acetonitrile and tert-butyl alcohol
(volume ratio: 1:1) overnight. The TiO2 photoanode
absorbed dye and nanostructured Pt counter electrode
were assembled into a sealed sandwich-type cell by a
60 lm hot-melt ionomer ﬁlm Bynel (Dupont) as a spacer
between the electrodes. A drop of the electrolyte solution,
0.6 M 1-butyl-3-methyl imidazolium iodide (BMII), 0.03 M
I2, 0.02 M LiI, 0.10 M guanidinium thiocyanate and 0.5 M
4-tert-butylpyridine in a mixture of acetonitrile and
valeronitrile (volume ratio, 85:15), was injected into the
cell. Based on the substrate 1, 2, and 3 in Fig. 1, we
prepared the nanostructured solar cells 1, 2 and 3 by the
procedure mentioned above. For comparison, the reference
solar cell with was also prepared with a thin Pt counter
electrode on planar glass substrate.
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Fig. 1. Schematic illustration of Ag nanoparticles structures with various conditions kept in APS solution for 1 h (a), 2 h (b) and 5 h (c).

Fig. 2. Molecular structures of C106.

2.3. DSSC characterizations
The morphology of the counter electrodes was investigated by scanning electron microscopy (SEM) (Quanta
250, FEI). The Incident Photon-to-current Conversion Efﬁciency (IPCE) was evaluated by the solar cell quantum efﬁciency measurement system (SolarCellScan 100, Zolix
instruments. Co., Ltd.). The optical diffuse reﬂection spectra of the counter electrode were also examined by the
SolarCellScan 100 with an integrating sphere. The photocurrent density–voltage characteristics were evaluated by
a AAA solar simulator (XES-301S, SAN-EI Electric. Co.,
Ltd.), AM 1.5G illumination (100 mW cm2 in intensity),
and a Keithley digital source meter (Model 2602). Electrochemical impedance spectra (EIS) of the blank cells were
evaluated using CHI-660D at zero bias potential and over
the frequency range of 0.1 Hz–10 kHz with 10 mV AC
signal. The blank cells, consisting of two identical counter
electrodes and a 60 lm hot-melt ionomer ﬁlm Bynel
(Dupont) in between as the spacer, have an active area
about 0.25 cm2.

3. Results and discussion
3.1. Morphologies of Pt counter electrodes on different
substrates
Fig. 3a–d shows the scanning electron microscopy
(SEM) images of the self-assembly Ag nanoparticles

substrates 1, 2, 3 and quartz glass, respectively. As shown
in the SEM images, spherical Ag nanoparticles with diameters of 70 nm uniformly covered the glass surface. a
increasing trend of grain density are observed on the
substrate due to technical regulation. It’s worth noting that
a quasi-uniform monolayer of nanoparticles formed on
substrates 1 and 2 (see Fig. 3a and b) and the multiple
self-assembled layers of nanoparticles with porous structure formed on substrate 3 (Fig. 3c). Fig. 3e–h shows the
SEM images of that the Pt ﬁlms were deposited on selfassembly Ag nanoparticles substrates 1–3 and on the glass
substrate by sputtering. After the deposition of thin Pt
ﬁlms, all samples maintained their original topographies
and surface morphologies which are exactly similar to
those of pristine substrates, hence the prepared typical
nanostructured morphologies signiﬁcantly increase the
surface area and roughness of substrates. The counter
electrode based on these nanostructured substrates are
expected to make an effective contribution to the
performance of DSSCs.

3.2. J–V and IPCE characteristics of DSSCs
In order to further investigate the performance of the
nanostructured counter electrode, DSSCs were fabricated
on planar Pt counter electrode and nanostructured counter
electrodes 1–3. The current–voltage (J–V) and incident
photon-to-current conversion efﬁciency (IPCE) characteristics of DSSCs are discussed in this section. Fig. 4a shows the
J–V characteristics of DSSCs with different counter electrodes. Table 1 summarizes the short-circuit photocurrent
(Jsc), open-circuit voltage (Voc), ﬁll factor, and conversion
efﬁciency (g) of the DSSCs. Compared with the reference
DSSC, the conversion efﬁciencies of DSSCs with nanostructured Pt counter-electrodes 1–3 are increased by 4.40%,
10.09% and 14.53%, respectively; the optimal device performance(Jsc = 16.50 mA cm2, Voc = 0.750 V, FF = 0.646
and g = 7.96%) is obtained based on the nanostructured
counter electrode 3. The IPCE of the DSSCs are shown in
Fig. 4b and has a same trend with the power efﬁciency,
in which the maximum quantum efﬁciency of the reference cell and the nanostructured cells are 68.3%, 71.8%,
74.2% and 76.3%, respectively.
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Fig. 3. SEM images of self-assembled nanostructures:(a–d) images of substrates 1–3 and quartz glass;(e–h) images of Pt counter electrodes deposited on
substrates 1–3 and quartz glass.

Fig. 4. (a) J–V and (b) IPCE characteristics of DSSCs fabricated on self-assembled nanostructure Ag-based and planar Pt counter electrodes.

Table 1
Photovoltaic characteristics of DSSCs.
Devices

Voc (V)

Jsc (mA cm2)

FF

g (%)

Reference
Structure 1
Structure 2
Structure 3

0.741
0.745
0.744
0.750

14.27
14.86
15.63
16.50

0.658
0.657
0.664
0.646

6.95
7.27
7.73
7.96

Resonance (SPR) of Ag nanoparticles generate hot electrons
and transfer the electrons to the Pt ﬁlm and I
3 ion reduction, improving the cathode processing. The effects of
nanostructured electrodes on the performance of DSSCs
in terms of light reﬂection, high surface area and plasmonic
effect are discussed below in detail.
3.3. Light reﬂection spectra of nanostructured Pt counter
electrodes

The introduction of nanostructure-based Pt counter
electrode signiﬁcantly increased the efﬁciency of DSSCs
can be attributed to the major typical morphological and
a minor plasmonic characteristic. The quasi-uniform,
rough (substrate 1, 2) and porous (substrate 3) structures
enhance the light reﬂection and increase the optical pathway; the high surface area could is conducive to increase
the catalytic activity of the counter electrodes for I
3 ion
reduction; the excited localized Surface Plasmon

The nanostructured counter electrode surface presents
the stronger reﬂection effect compared to that of the planar Pt counter electrode structure. It effectively reﬂect
the unabsorbed light back to the photoanode which is
important for enlarging light harvesting in DSSCs. Results
of the light reﬂection spectrum of different counter electrodes in Fig. 5 shows that the three nanostructured Pt
counter electrodes have enhanced reﬂection effect superior
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3.4. Effect of localized Surface Plasmon Resonance

Fig. 5. Diffuse reﬂection spectra of counter electrodes with various
structures.

to the planar Pt counter electrode does. As the schematic
diagram Fig. 6 described, When the light arrived to the surface of the various counter electrodes, planar counter electrode provided a specular reﬂection effect, by contrast,
nanostructured counter electrodes provided the strong diffuse reﬂection effect due to the unique morphology and
dimensions. The rolling and rough surface of nanostructured counter electrode could scatter the light propagating
in multidirectional and oblique angles. As the density of
the Ag nanoparticles increased the intensity of the reﬂection increased synchronously. Especially structure 3 with
a porous structure (see Fig. 3g) achieved the maximum diffuse reﬂection, cause the typical structure could play a better modulation role in light reﬂection. The unique
nanostructured counter electrodes improve the light
absorption and have the similar impact as the light scattering layer consist of large TiO2 nanoparticles, thus increasing the utilization rate of incident light and improving
the performance of DSSCs.

Localized Surface plasmon resonance (SPR) is an attractive characteristic of metal nanoparticles SPR is a collective
oscillation of conduction band electrons in metal nanoparticles excited by the electromagnetic of incident light. This
effect exhibits local surface and near-ﬁeld enhancement
(see Fig. 7a) and is a non-propagating electromagnetic
mode with high localization and ﬁeld enhancement characteristic [23]. The location and intensity of resonance
can be rationalized on the basis of the size, shape, and
components of nanoparticles [24], hence it has been
widely applied in photoluminescence, photocatalytic and
other ﬁelds. Recent studies show that SPR introduced to
photoanode is considered to be one of the most promising
technologies to improve the photoelectric conversion efﬁciency of DSSCs relying on the contributions of enhanced
absorption and hot electrons injection [25]. Here we want
to develop the hot electrons injection characteristic to the
counter electrode for improving the cathode processing. In
our research, the unique self-assemble Ag nanoparticles
based nanostructured counter electrode have triple features (light reﬂection, high surface area, plasmonic effect)
superior to the reported rough Pt counter electrode.
Although the contribution of the SPR effect in counter electrode is comparatively weak than that in phonoandoe, it
provides a new thought to improve the performance of
DSSCs applied the multiple features nanostructured counter electrode.
In this experiment, the schematic of the hot electrons
injection effect is described in Fig. 7b, As the Ag nanoparticles are excited by unabsorbed incident light from defect
emission, due to the Surface Plasmon Resonance effect
the excited energetic electrons could transit to a higher position (SP band) [26]. Under the effect of intense localized
ﬁeld the electrons are so active that they can escape from
the surface of the Ag nanoparticles and then transfer to
the Fermi level of Pt and Redox couple, subsequently these
additional electrons could participate in the interface

Fig. 6. Schematic of incident light transmission through counter electrodes with various structures: (a) specular reﬂection of planar counter electrode; (b)
diffuse reﬂection with sparse monolayer of structures 1; (c) compact monolayer of structures 2 and (d) porous morphology of structures 3.
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Fig. 7. (a) Schematic of LSPR (b) optimization process of interface transport characteristic with LSPR and (c) Absorption spectra of pt–free and pt-covered
self-assembled Ag nanostructure.

reaction between electrolyte and counter electrode. Here
Ag nanoparticles act as sensitizers, it is a active process
which is ﬁt with the electronic dynamics motion process
of DSSC improving the interface transmission characteristics obviously. Absorption spectrum and FDTD simulation
of the typical counter electrodes were analyzed to study
the existence of the SPR, and equivalent circuits discussion
of blank cells was used to directly indicate the corresponding hot electrons injection effect.
Fig. 7c shows the Absorption spectrum of different
counter electrodes and the self-assembly Ag NPs substrates. As can be seen, the Absorption of the planar counter electrodes is near ﬂat, and the SPR peak of the three
kinds of Pt-covered nanostructured counter electrodes
can be observed which shows the existence of the SPR
effect. However, compared to the pure self-assembly Ag
NPs substrates the SPR intensity of the nanostructured
counter electrodes is rather weak. Considering that
covered Pt ﬁlm on the self-assembly Ag NPs substrate
has the dumping factor and light absorption behavior,
the SPR effect of Ag NPs could do a limit but a positive
effect on the performance of the DSSCs.
FDTD simulation was investigated to study the SPR effect of the efﬁciency of DSSCs. Here we built the Pt@AgNPs
core–shell nanostructure models to approximate simulate
the Pt-covered self-assembly Ag NPs counter electrodes.
The ﬁelds generated near the metal nanoparticles under
illumination can be calculated by using the ﬁnite-difference time-domain (FDTD) technique (Lumerical FDTD
solutions) with incident light at 453 nm (absorption peak).
Simulation models a, b, c and d correspond to the Pt-free
substrate 1, Pt-covered substrate 1, Pt-covered substrate
2 and Pt-covered substrate 3, respectively. By comparing
the enhanced extent of local ﬁelds between Pt-free substrates 1 (model a) and Pt-covered substrates 1 (model
b), Pt-covered structure has the rather weaker enhancement of local ﬁeld than that of Pt-free structure, which is
due to the absorption and loss characteristics of the Pt
ﬁlms. But as the interparticle coupling effect, the enhancement of local ﬁeld in the neighboring particles is still
recognized. It was found that the effective range of SPR
on Pt-covered substrates smaller than that on Pt-covered

substrates (compared model a and b) due to the penetration depth of SPP in metal is rather shorter than that in
dielectric materials [27]. So the thin thickness of the Pt ﬁlm
located on the self –assembly Ag NPs nanostructure is applied which could make sure the penetration of the LSPR
effecting on the Pt/electrolyte interface, hence the electrons injection process can be effective achieved. In addition Simulated Results show that denser Pt-covered
structure exhibits stronger intensity of localized ﬁeld compared with sparse structure, the stronger the intensity of
local ﬁeld presents, the more effectively the electrons inject effect are expected.
3.5. Electrochemical impedance spectroscopy analysis
To ensure that the cells are working normally and efﬁ
ciently, the electron transport process from I
redox
3 /I
couple to the oxidized dye should be fast and compatible
with the electron injection timescale. Electrochemical
impedance spectroscopy (EIS) is used to characterize the
electrode reaction process and the interfacial charge-transfer process in DSSCs [28]. EIS measurements were used to
investigate resistances in counter electrodes and electrolytes. It is reasonable to assume that the charge-transfer
resistance between the TiO2/electrolyte interface is essentially independent of the counter electrode. Among the triple features of the unique nanostructured counter
electrodes, high surface area and plasmonic effect inﬂuence the cathode processing, so blank cells, which were
obtained from an experimental cell that consists of two
identical counter electrodes, were assembled (see
Fig. 9a). The equivalent circuit for this type of cell is illustrated in Fig. 9b [29,30]. The impedance for frequencies
of approximately 100 kHz is dominated by the Ohmic serial resistance Rs, which is the resistance of conductive substrates. In frequencies ranging from 100 Hz to 100 kHz, the
Rct is the charge-transfer resistance of the Pt/electrolyte
interface, and Cd is the capacitance of electrical doublelayer. In frequencies ranging from 0.1 Hz to 10 Hz, N represents the Nernst diffusion impedance of the electrolyte.
The values of Rct and N were obtained by ﬁtting the EIS
spectra by using the above equivalent circuit. These values
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Fig. 8. Electric ﬁelds near the dimmer Ag nanoparticles (a) with the
distance of 80 nm and Pt@Ag nanoparticles with different distance (b)
80 nm (c) 50 nm and (d) 30 nm are calculated by using the FDTD model
under an incident light of 453 nm.

electrode does, a decreased trend of the Rct values in structure 1, 2 and 3 were observed conspicuously, the changes
were attributed to the improved catalytic activity of the
reduction reaction [30,31].
Under the one-sun illumination condition, the Rct values of each nanostructured counter have obvious decrease
compared with that under the dark condition as shown in
Fig. 10a. This is because that the SPR effect of the selfassembly of Ag nanoparticles is excited, then the related
hot electron injection effect improved the charge transport
characteristic at the Pt/electrolyte interface. Table 2 shows
the Rs and Rct values of the structures under illumination
and dark conditions. In the various counter electrodes here,
the difference in the resistance of conductive substrates Rs
is too small to inﬂuence DSSC efﬁciency so we focused on
the changes of the Rct values. Fig. 10b shows the changes
curve of the Rct values, from planar counter electrode to
the nanostructured counter electrode 3, decreased trends
were observed both under illumination and dark conditions, more obvious slope obtained under illumination
condition which evidenced that double duty (SPR effect
and high surface area) inﬂuenced the interface transport
characteristic. The SPR effect results in the intensiﬁed
oscillation of the free electron in the Ag nanoparticles
and then the energetic electrons transit to the SPP band,
thus the active electrons transfer to the Fermi level of Pt
and the redox couples in the electrolyte. This process
improves the interface transmission performance and
reduces charge-transfer resistance.
The LSPR effect increased with the increase of density of
the self-assembled nanostructures owing to the enhanced
interparticle coupling (Fig. 8). So the related electrons
injection effect has the same trend. Rct of three nanostructured blank cells all decreased under illumination
compared to dark condition. As the initial values of Rct
(dark) in three nanostructured blank cells are different,
for describing the change of the electrons injection effect
reasonably. Rct reduce ratio is deﬁned as

Ratio ¼
were used to evaluate the inﬂuence of the counter electrode on the performance of solar cells.
To further investigate the factors of the high surface
area and plasmonic effect in improving cathode processing
the respectively, we studied the interface transmission
characteristic of blank cells with three nanostructured
and planar counter electrodes under one-sun illumination
and dark conditions, the Nyquist plots were shown in
Fig. 10a. Under the dark condition, nanostructured counter
electrodes have the higher surface area than the planar
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Rct ðdarkÞ  Rct ðlightÞ
Rct ðdarkÞ

The Rct reduce ratio of the planar device is only 2.8% due to
the probable weak photovoltaic effect of iodine under illumination. The reduce ratio of structures 1–3 are 11.8%,
19.8%, and 22.3%, respectively. Compare with the planar
device, signiﬁcant changes of the Rct reduce ratio under different conditions can be attributed to the SPR effect. The
gradual increase trend of the Rct reduce ratio of the nanostructured counter electrodes denotes that the electrons
injection effect caused by SPR increased with the increase
of the density of Ag nanoparticles.

Fig. 9. (a) Electrochemical cell model used for EIS measurements and (b) equivalent circuit for impedance spectrum.
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Fig. 10. (a) Electrical impedance spectrum for blank cells consisting of counter electrode | electrolyte | counter electrode with differently structured
electrodes. The hollow square line represents the results under the dark environment; the solid square line represents the results under the standard AM 1.5
illumination. (b) Rct characteristics of blank cells composed of four different counter electrodes. Devices 1, 2, 3, 4 correspond to the blank cells consist of
planar, structure 1, structure 2, structure 3 counter electrode respectively.

Table 2
Rs and Rct characteristics of sandwiched blank cells with different counter electrodes.
Devices

Rs (X)

Rct (X) dark

Rct (X) light

Reduce ratio of Rct (%)

Planar
Structure 1
Structure 2
Structure 3

10.33
9.49
9.41
9.22

22.75
19.81
15.29
12.46

22.12
17.49
12.25
9.67

2.8
11.8
19.8
22.3

The analysis of the EIS measurements clariﬁes the high
surface area feature and plasmonic effect in cathode processing. In fact, considering the excited source of the SPR
effect in the actual nanostructure-based DSSCs is weaker
than that in the in the typical blank cells, and the hot electrons injection effect in DSSCs is less effective than discussion above, but this positive effect for the improvement of
DSSCs is non-ignored. The contribution of plasmonic effect
is not obvious compared to the light reﬂection effect and
the high surface area effects. Whereas the essence of the
typical counter electrode is its multiple properties.
4. Conclusions
We developed an effective and simple technique to
fabricate a typical plasmonic nanostructured counter electrode for DSSCs by depositing Pt thin ﬁlm on quasi-uniform
Ag self-assembled nanoparticles. The self-assembled nanostructure technology demonstrates a effectively approach
of increasing the efﬁciency of DSSCs. This approach
enhances the light reﬂection, the catalytic ability for redox
couple, and the charge exchange at the Pt/electrolyte interface of DSSCs. The DSSC with self-assembled nanostructure
counter electrodes has higher energy-conversion efﬁciency
(7.96%) than the DSSC with planar electrode does (6.95%).
With the triple features of the unique nanostructured
counter electrode, the light reﬂection and high surface area
characteristic inherit the advantages of the recent reported
structure-engineered Pt counter electrode; the SPR effect,
the highlight of the nanostructured counter electrode in

our study, is ﬁrstly developed in cathode process and improves the efﬁciency of DSSC. Further improvement in
the efﬁciency of DSSCs can be achieved by optimizing the
nanostructures, that is, by making the nanostructures
more porous and regular. The size, shape, interparticle coupling, and components of nanoparticles should be further
studied that could produce more appropriate morphology
and more intensity SPR effect to improving the cathode
process. The study in this article is expected to provide a
potential choice to improve the power efﬁciency of DSSCs.
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