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We succeeded in controlling the wavelength range in which the photocurrent of porphyrin is enhanced by tuning as well as 

expanding the wavelength ranges in which the localized surface plasmon resonance (LSPR) occurs. We fabricated 

photoelectric conversion systems consisting of 5,10,15,20-tetrakis(p-carboxyphenyl)porphyrin (TCPP) and silver 

nanoprisms with small (SAgPRs) and large (LAgPRs) aspect ratios as plasmonic nano-antennae. Their photocurrents were 

much larger than those from TCPP-modified Ag planar electrodes at the specific wavelengths corresponding to their LSPR 

bands (SAgPRs: 460–610 nm; LAgPRs: 610–690 nm). The maximum enhancement factors (EFs) for the SAgPRs and the 

LAgPRs were 37 and 35, respectively. In order to enhance the photocurrents, we expanded the LSPR bands by the 

combined use of SAgPRs and LAgPRs. The system consisting of the mixture (MAgPRs) showed enhancement of the 

photocurrent over the entire Q-band region (480-690 nm). Finally, the total EFs of the photocurrents were evaluated by 

irradiation with AM1.5G sunlight through a long-pass filter of 480 nm and the results revealed that the EFs were in the 

order of MAgPRs > SAgPRs > LAgPRs. Furthermore, the system showed stability without loss of the enhancement property 

for at least 10 min under the solar irradiation.

1. Introduction 

The development of highly-efficient organic photoelectric 

conversion systems driven by visible light is of significance for 

application in areas such as organic solar cells,
1
 artificial 

photosynthesis,
2
 and photoelectrochemical biosensing,

3
 as 

well as for elucidating fundamental photochemical reactions. 

Porphyrins are particularly attractive photofunctional 

molecules in this context, due to their structural similarity to 

chlorophylls in natural photosynthesis and their favorable 

optoelectronic properties.
4,5

 However, the absorption 

coefficient of the Q-band (~480–690 nm; ~10
4
 M

-1
 cm

-1
) that 

cover a wide range of visible spectrum is significantly smaller 

than that of the Soret band (~420 nm; >10
5
 M

-1
 cm

-1
) in the UV 

region.
6
 Therefore, in order to develop highly efficient 

photoelectric conversion systems based on porphyrin 

molecules, it is necessary to enhance the conversion efficiency 

over the wide Q-band region. The introduction of “organic 

light harvesting antennae” into the system, which led to the 

additional generation of energy-transfer-mediated 

photocurrents within the desired wavelength region, has been 

investigated in an effort to resolve this issue.
7,8

 More recently, 

some research groups have suggested that the plasmonic 

metal nanostructures can be used for the light harvesting. The 

photocurrents from organic dye molecules positioned adjacent 

to the metal nanostructures (metal species: Au and Ag) were 

enhanced by the effect of the localized surface plasmon 

resonance (LSPR) occurring on the surface of the 

nanostructures.
9-23

 This enhancement was attributed to the 

efficient electronic excitation of the dye molecules, which is 

induced by generation of confined strong local 

electromagnetic fields, upon the LSPR excitation.  In other 

words, the plasmonic nanostructures were capable of acting as 

“light-harvesting plasmonic nano-antennae” in the organic 

photoelectric conversion systems.   

We have previously reported the enhancement of 

photocurrent from self-assembled monolayers (SAMs) of a 
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porphyrin derivative immobilized on two-dimensional Au 

nanoparticle assemblies,
9,11

 Au nanocorals,
10

 and regularly 

arrayed Au nanostructures.
12

 Ikeda et al. have reported 

photocurrent enhancement of porphyrin–ferrocene molecules 

placed within the gap between gold nanoparticles and gold 

planar plate.
15,21

 The LSPR from the Au nanostructures is 

generated effectively in a wavelength region above ~530 nm, 

where the imaginary part of the dielectric constant of Au is 

sufficiently small.
24,25

 However, plasmon hybridization 

between two or more gold nanoparticles, which can generate 

much stronger local electromagnetic fields (hot spots), causes 

the LSPR peak to be red-shifted to longer wavelength 

regions.
26

 Therefore, it is difficult for Au LSPR to efficiently 

enhance the photocurrents over the whole Q-band region. 

Indeed, previous studies employing Au LSPR have 

demonstrated an effective enhancement of the photocurrent 

from porphyrin only above 600 nm.
9,10,15,21

 Plasmonic Ag 

nanostructures have advantages over Au nanostructures for 

the development of highly efficient photoelectric conversion 

systems, due to the following reasons. First, the confined local 

electromagnetic fields generated at Ag nanostructured 

surfaces are generally much stronger than those for Au.
25-27

 It 

is therefore highly possible that the photocurrents from the 

dye molecules adjacent to the Ag nanostructures could be 

significantly enhanced. Second, Ag LSPR occurs over a wider 

visible wavelength region (longer than ~400 nm) than that by 

Au LSPR, which may cover the whole Q-band region of 

porphyrin.
25,26

 Therefore, the Ag LSPR has a great potential to 

improve the photocurrent of porphyrin over a wide region. 

Despite these advantages, however, reports for the 

development of photoelectric conversion systems based on 

the plasmonic Ag nanostructures are few.
16-19,23

 This could be 

due to the difficulty in handling Ag nanostructures 

(nanoparticles) and/or due to the instability of Ag 

nanoparticles upon light irradiation due to photocorrosion.
19,23

 

As a consequence, the effective enhancement of photocurrent 

signals from organic chromophores close to Ag nanoparticles 

by their LSPR has not been achieved. 

In this study, we report the improvement of photocurrent 

over a wide Q band region above 480 nm based on the 

utilization of “plasmonic Ag nano-antennae” and the 

sophisticated control and expansion of the Ag LSPR band. In 

order to achieve this, Ag triangular nanoplates (Ag nanoprisms; 

AgPRs) were chosen because the local electromagnetic fields 

generated on the corner of the AgPRs are expected to be 

stronger by an order of magnitude than those from regular 

spherical silver nanoparticles.
27

 Also, the plasmon frequency 

can be tuned over a wide range (from visible to near-infrared 

region) by adjusting the aspect ratio, i.e. the ratio of its edge 

length to its thickness.
28

 In addition, AgPRs has sometimes 

been applied to plasmonic thin donor/acceptor photovoltaic 

films.
29-34

 In this study, we first evaluated the effect of two 

kinds of AgPRs with different aspect ratios on the 

photocurrent enhancement from the nearby porphyrin 

molecules. Next, we fabricated photoelectric conversion 

systems consisting of porphyrin and a mixture of these AgPRs, 

which generate the LSPR at different wavelength regions. The 

combined use of these AgPRs enabled the LSPR bands to cover 

the whole Q-band region. As a result, we succeeded in 

effectively enhancing the photocurrent over the entire Q-band 

region.  

2. Experimental 

2.1. Materials 

Deionized water (resistivity: 18.2 MΩ･cm) obtained from a 

Milli-Q water purification system, was used for the preparation 

of all aqueous solutions. Sodium tetrahydroborate (NaBH4, 

Wako Pure Chemicals), trisodium citrate dihydrate (Kanto 

Chemicals), silver nitrate (AgNO3, Wako Pure Chemicals), 

sodium hydroxide (NaOH, Kanto Chemicals), poly(ethylene 

imine) (PEI; MW = 50000-100000, Sigma Aldrich), ammonium 

solution (NH3, 28%, Kanto Chemicals), hydrogen peroxide 

solution (H2O2, 30%, Kanto Chemicals), 16-

mercaptohexadecanoic acid (MHA, Sigma Aldrich), poly(4-

styrenesulfonic acid) sodium salt (PSS, Sigma Aldrich), titanium 

butoxide (Ti(OBu)4, Wako Pure Chemicals), and 5,10,15,20-

tetrakis(p-carboxyphenyl)porphyrin (TCPP, Wako Pure 

Chemicals) were used as received. 

2.2. Preparation of colloidal solutions of AgPRs 

Colloidal aqueous solutions of two kinds of AgPRs with 

different aspect ratios were prepared by modified 

photochemical growth methods.
35-37

 First, a colloidal aqueous 

solution of seeds of Ag nanospheres was prepared by a 

modified reported procedure.
38

 In brief, an aqueous solution 

of AgNO3 (1 mM, 100 mL) was added to an aqueous solution 

(100 mL) of 0.2 mM of NaBH4 and 5 mM of trisodium citrate 

under cooling in an ice bath, followed by stirring for 1 h. The 

average diameter of the resultant silver nanoparticles, which 

was estimated from their TEM images, was ~11 nm. Next, the 

pH of the obtained colloidal solution was adjusted to 11.2 by 

the addition of an aqueous solution of 0.2 M NaOH. This was 

followed by irradiation of the colloidal solutions for about 16 h 

by light-emitting diodes (LEDs) with center wavelengths of 470 

nm and 550 nm, which resulted in the formation of AgPRs of 

smaller (SAgPRs) and larger (LAgPRs) aspect ratios, respectively. 

2.3. Fabrication of photoelectric conversion systems 

consisting of AgPRs and TCPP 

The fabrication of the photoelectric conversion systems 

consisting of the AgPRs (both SAgPRs and LAgPRs) and the 

TCPP molecules is shown in Scheme 1(A). An indium-tin-oxide 

(ITO) electrode (15 mm × 20 mm) was treated in a mixture of 

NH3 aq.(28%)/H2O2 aq.(30%) (1/1 v/v) at 100 °C, then washed 

thoroughly with water, and dried in a stream of nitrogen. It 

was then immersed in an aqueous PEI solution (4.5 mg/mL) for 

10 min and washed with water to make the surface positively 

charged.
16

 Next, the electrode was immersed in a colloidal 

solution of the negatively-charged (derived from citric acid as a 

protecting agent) AgPRs (SAgPRs or LAgPRs) for 1 h, followed 

by washing with water, to produce the AgPRs-modified 

electrodes via electrostatic interaction (denoted as 

SAgPRs/ITO or LAgPRs/ITO). The electrode was then immersed  

Page 2 of 12Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in an ethanol solution of MHA (1 mM) for 1 h, followed by 

washing with ethanol, to form the MHA SAMs on the surface 

of the AgPRs via strong bonding between the Ag atoms and 

the thiol.
39

 This was followed by immersion of the electrode in 

an aqueous solution of PSS (4.2 mg/mL) for 10 min and then 

washing with water to make the PEI domains not covered with 

the AgPRs negatively charged. With this process, the 

adsorption of the negatively charged TCPP onto the PEI 

domains via electrostatic adsorption in the next step was 

largely suppressed. Finally, the TCPP was immobilized on the 

surface of the AgPRs by the surface sol-gel process.
40,41

 The 

electrode was immersed in a toluene solution of Ti(OBu)4 (0.1 

M) for 10 min to achieve coordinate bonding of MHA with 

titanium oxide (Ti(O)), followed by washing with ethanol, and 

then dipping into water to generate surface hydroxyl groups 

by hydrolysis. The electrode was then immersed into an 

ethanol solution of TCPP (0.1 mM) for 10 min, followed by 

washing with ethanol and drying in a stream of nitrogen. The 

systems consisting of TCPP and the SAgPRs (or the LAgPRs) 

fabricated by these processes were denoted as 

TCPP/SAgPRs/ITO (or TCPP/LAgPRs/ITO). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The photoelectric conversion system based on the mixture 

(MAgPRs) of SAgPRs and LAgPRs was fabricated as shown in 

Scheme 1(B). Firstly, the PEI-modified ITO electrode was 

dipped for 1 h in a colloidal solution mixture of SAgPR 

aq./LAgPRs aq.=1/1 v/v, resulting in the formation of the 

MAgPRs-immobilized ITO electrode (MAgPRs/ITO). The rest of 

the procedure was the same as described for the fabrication of 

TCPP/SAgPRs(LAgPRs)/ITO, and the obtained electrode is 

denoted as TCPP/MAgPRs/ITO. 

2.4. Fabrication of the photoelectric conversion systems 

consisting of a planar silver electrode and TCPP 

A two-dimensional planar silver electrode with a mirror 

surface (AgP/ITO) was prepared by thermal deposition of Ag 

(thickness: 100 nm) onto the surface of an ITO electrode under 

high vacuum (1 × 10
-6

 Torr). The electrode was then immersed 

in an ethanol solution of MHA (1 mM) for 1 h, followed by 

washing with ethanol to form the MHA SAMs on the surface. 

TCPP was immobilized onto the surface of the AgP/ITO by the 

surface sol-gel process described above. 

Scheme 1. Fabrication scheme of the photoelectric conversion systems comprised of TCPP and AgPRs by the layer-by-layer assembly 

technique. (A) Individual AgPRs (SAgPRs and LAgPRs) and (B) the mixture of SAgPRs and LAgPRs with different aspect ratios. 
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2.5. Estimation of the electromagnetic fields generated on 

the AgPRs 

In order to analyze the electromagnetic field enhancement 

factor due to LSPR of AgPRs, finite difference time domain 

(FDTD) calculation were carried out by using the FullWAVE 

program suite (RSoft Design Group, Inc.). The dielectric 

function of silver used was obtained from the previous report 

by Rakic et al.
42

 The refractive index of the background is set to 

1.333 corresponding to water. The electromagnetic field of 

SAgPR and LAgPR was modeled as an isolated system. 

2.6. Measurements 

Absorption and extinction spectra were recorded on a JASCO 

V-630 spectrophotometer. Fluorescence excitation spectra 

were measured using a JASCO FP-6500 spectrofluorometer. 

Scanning electron microscopy (SEM) experiments were carried 

out employing a HITACHI S-4500 microscope. Transmission 

electron microscopy (TEM) images were obtained using a 

Hitachi HF-2000 system at an acceleration voltage of 200 kV. 

The atomic force microscope (AFM, tapping mode) 

measurements were conducted using LEXT-3000 (Shimadzu, 

Japan). Dynamic light scattering (DLS) measurements used to 

evaluate zeta potentials were carried out using a Zetasizer 

Nano ZS (Malvern Instruments Ltd, Malvern, Worcestershire, 

United Kingdom) at a wavelength of 633 nm. Photocurrent 

measurements were carried out in an aqueous solution of 0.1 

M NaClO4 containing 5 mM methyl viologen as an electron 

acceptor, using a home-made three-electrode 

photoelectrochemical cell with Ag|AgCl (sat. KCl aq.), platinum 

wire, and the TCPP/AgPRs (SAgPRs, LAgPRs, and MAgPRs)/ITO 

and TCPP/AgP/ITO as the reference, counter, and the working 

electrodes, respectively. Before the measurements, N2 was 

bubbled through the solution for 2 h. Monochromatic light 

from a Xe lamp was used to irradiate the TCPP molecular 

layers. All photocurrents were measured at E = 0 V vs. Ag|AgCl 

and detected using a potentiostat (Huso HECS 318E). 

3. Results and discussion 

3.1. Morphological and optical characterization of AgPRs 

The edge lengths of the SAgPRs and the LAgPRs were 

estimated to be 27 ± 3 and 44 ± 5 nm, respectively from the  

TEM images [Figure 1(A)]. Estimation of their thicknesses from 

the TEM images was difficult because the AgPRs were thin and, 

therefore, most of the obtained TEM images showed 

triangular front views of AgPRs. In order to estimate the 

thickness, the AgPRs were covered by silica shells of sufficient 

thickness by a chemical method (details provided in Sup 

plementary Information). The colloidal solutions obtained 

were cast on TEM grids and dried. From the TEM images of the 

silica-coated AgPRs, some of which were vertically-oriented 

with respect to the grid surface, the thicknesses of both of the 

SAgPRs and LAgPRs were estimated to be 10 ± 1 nm (Figure S1). 

Therefore, the aspect ratios of the SAgPRs and the LAgPRs 

were approximately 2.7 and 4.4, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (A) TEM images for AgPRs, synthesized by irradiation 

with LED of center wavelengths of (a) 470 (SAgPRs) and (b) 550 

nm (LAgPRs). (B) Extinction spectra for colloidal aqueous 

solutions of (a) spherical silver nanoparticles as a seed, 

(b)SAgPRs, and (c) LAgPRs. (C) Extinction spectra for (a) 

SAgPRs/ITO and (b) TCPP/SAgPRs/ITO. (D) Extinction spectra 

for (a) LAgPRs/ITO and (b) TCPP/LAgPRs/ITO. 

 

Next, in order to investigate the optical properties, the 

extinction spectra of colloidal solutions of the AgPRs were 

measured. As shown in Figure 1(B), the SAgPRs and LAgPRs 

showed a clear extinction peak in the visible region (at 

approximately 490 and 600 nm, respectively). These peaks, 

which appeared at longer wavelengths than that of the 

colloidal solution of Ag nanospheres, were ascribed to the in-

plane dipole mode of the AgPRs.
43,44

 The LSPR wavelength of 

the mode from the SAgPRs was shorter than that from the 

LAgPRs because the aspect ratio of SAgPRs was smaller than 

that of LAgPRs.
28

 

3.2. Characterization of the photoelectric conversion systems 

consisting of AgPRs and TCPP 

The plasmonic photoelectric conversion systems comprising 

the AgPRs-TCPP hybrids were fabricated by the layer-by-layer 

assembly methods as described in experimental section. The 

zeta potential for the SAgPRs and LAgPRs dispersed in the 

aqueous phase was measured to be -14.2 ± 0.8 mV and -16.8 ± 

2.2 mV, respectively. The occurrence of these negative 

potentials is surely attributed to be the presence of the citric 

acids protecting the AgPRs. Therefore, it is reasonable that the 

AgPRs with the negative potentials were immobilized onto the 

ITO electrode surface by the electrostatic absorption. In this 

study, the composite layers of the MHA SAMs and Ti(O) were  
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Figure 2. SEM images of (A) SAgPRs/ITO and (B) LAgPRs/ITO. 

 

adopted as linking layers for the TCPP modification. The 

thickness of MHA SAMs immobilized on the AgPRs by the self-

assembling process can be estimated to be between 2.0 and 

2.5 nm as in previous reports.
45,46

 The thickness of Ti(O) linking 

layer is estimated to be approximately 0.36 nm from our 

previous report.
47

 Therefore, the distance between TCPP 

molecules and AgPR surfaces is expected to be less 3 nm. The 

LSPR peak from the AgPRs changed during the fabrication 

processes. While the LSPR peaks of the SAgPRs/ITO and 

LAgPRs/ITO were generated at 478 nm and 545 nm, 

respectively, those after the modification of TCPP were red-

shifted to 527 and 619 nm [Figure 1(C) and (D)]. The 

generating wavelength of the LSPR peak from AgPRs is very 

sensitive to changes in the refractive index (RI) of the 

surrounding medium.
28

 Therefore, it is reasonable to assume 

that the changes in the LSPR peaks were due to the increases 

in the RI around the AgPRs caused by the modification of the 

molecular layers (MHA-SAMs, Ti(O), and TCPP). The magnitude 

of the shift was larger for the TCPP/LAgPRs/ITO than for the 

TCPP/SAgPRs/ITO. A previous report for AgPRs demonstrated 

that the higher aspect ratio leads to higher RI susceptibility of 

the LSPR peak.
28

 It is therefore reasonable to consider that the 

difference in the RI susceptibility between the AgPRs in this 

study can be ascribed to the difference in the aspect ratio of 

the SAgPRs (2.7) and the LAgPRs (4.4). In addition, both the 

TCPP/SAgPRs/ITO and TCPP/LAgPRs/ITO showed a weak peak 

around 425 nm (indicated by the dashed circle in the spectra), 

indicating that the TCPP molecules were immobilized on the 

electrodes because the peak position is similar to that of the 

Soret band of TCPP (418 nm in ethanol solution). From the 

SEM images (Figure 2) and the absence of coupling modes 

between the LSPRs from the AgPRs [Figure 1(C) and 1(D)], it 

was concluded that the AgPRs were well-dispersed on the 

electrodes. From the AFM images (Figure 3), the triangular 

nanoplates on the ITO electrode surfaces were frequently 

observed. Also, the thicknesses of the nanoplates were 13.8 ± 

1.2 nm and 13.7 ± 1.4 nm for SAgPRs/ITO and LAgPRs/ITO, 

respectively, almost the same as that of the AgPRs estimated 

from the TEM images (Figure S1). Therefore, the faces of the 

SAgPRs and LAgPRs were mostly parallel to the ITO surface. 

The coverage (θAgPR) of the SAgPRs and LAgPRs on the ITO 

electrodes estimated using the ImageJ software were 0.28 and 

0.27, respectively.
48

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. AFM images of the ITO electrodes modified with (A) 

SAgPRs and (B) LAgPRs. 

 

The number of TCPP molecules immobilized on each of the 

SAgPRs/ITO and the LAgPRs/ITO was estimated by immersing 

the electrode in 3 mL of a 0.2 M aqueous solution of NaOH for 

10 min to extract the surface-immobilized TCPP into the 

solution. It was confirmed that all the TCPP molecules were 

removed from the electrodes by this treatment by the 

disappearance of the absorption peak of the Soret band from 

the sample electrode. The density of TCPP molecules (dTCPP 

mol/cm
2
) on the SAgPRs/ITO and the LAgPRs/ITO were 

calculated from the absorption spectra of the extract solution 

to be 4.8 × 10
-10

 and 2.9 × 10
-10

 mol/cm
2
, respectively. When 

TCPP molecules were immobilized on the ITO electrode after 

the modification process of Ti(O) layers but without the AgPRs, 

the density of molecules immobilized was only ~6.9 × 10
-11

 

mol/cm
2
. Therefore, by substituting in ([dTCPP – {6.9 × 10

-11
 × (1 

–θAgPR)}]/dTCPP), it was estimated that 90 and 83 % of TCPP 

molecules on TCPP/SAgPRs/ITO and TCPP/LAgPRs/ITO were 

immobilized on the surfaces of the SAgPRs and LAgPRs, 

respectively. 

3.3. Effect of LSPR excitation of AgPRs on photoelectric 

conversion properties 

Figure 4(A) shows the photocurrent action spectra from the 

TCPP/(SAgPRs, LAgPRs, and AgP)/ITO as a function of 

excitation wavelength, which were evaluated from the 

photocurrent densities at E = 0 V vs. Ag|AgCl. It can be 

concluded that the obtained photocurrents were mostly 

derived from the photo-excitation of TCPP molecules because 

(i) the currents generated by the electrodes without TCPP but 

otherwise identical were negligibly small (Figure S2) and (ii) 

the shape of the action spectra were similar to that of the 

absorption spectrum of TCPP (Figure 4(B)). From the results, it 

is seen that the photocurrents from both the TCPP/(SAgPRs 

and LAgPRs)/ITO were significantly larger than those from 

TCPP/AgP/ITO. In addition, in order to accurately evaluate the 

effect of the LSPRs on the photocurrent generation, the 

photocurrent obtained at each wavelength was corrected with 

the difference in the number of the TCPP molecules 

immobilized on the (SAgPRs, LSgPRs, and AgP)/ITO. The 

density of TCPP molecules in the TCPP/SAgPRs/ITO, and 

TCPP/LAgPRs/ITO were 4.8 × 10
-10

 and 2.9 × 10
-10

 mol/cm
2
, 

respectively, as described above. The density on the AgP/ITO 

was estimated to be 4.0 × 10
-10

 mol/cm
2
 by the same 

60.00

[nm]

0.00
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Figure 4. (A) Photocurrent action spectra for (a) TCPP/AgP/ITO, 

(b) TCPP/SAgPRs/ITO, (c) TCPP/LAgPRs/ITO after subtraction of 

the photocurrents of Ti(O)-modified AgP/ITO, SAgPRs/ITO, and 

LAgPRs/ITO, repectively. (B) Absorption spectrum of the 

ethanol solution of TCPP. 

 

procedure as for the TCPP/AgPRs/ITO. The corrected action 

spectra are shown in Figure 5(A) (the magnified view at the Q-

band region is shown in Figure 5(B)). The enhancement factors 

(EFs) of the photocurrents for TCPP/(SAgPRs and LAgPRs)/ITO 

against TCPP/AgP/ITO were calculated by dividing the 

photocurrent generated from the former by that from the 

latter at each wavelength. As shown in the plots of EFs (Figure 

5(C)), the TCPP/SAgPRs/ITO and TCPP/LAgPRs/ITO have large 

EFs in the wavelength regions of 460–610 nm and 610–690 nm 

in the Q-bands region, respectively. The region of the 

photocurrent enhancements for TCPP/(SAgPRs and 

LAgPRs)/ITO agreed well with their LSPR bands in an aqueous 

electrolyte solution [see red- and blue-shaded regions in 

Figures 5(C) and (D)]. Note that the LSPR band positions are 

shifted in the aqueous environment from those in air as shown 

in Figure 1(C) and 1(D) due to different refractive indices 

[Figure 5(D)].
28

 The maximum EFs for the photocurrent from 

TCPP/(SAgPRs and LAgPRs)/ITO were 37 at 560 nm and 35 at 

610 nm, respectively. Teranishi et al. reported that the 

spectroscopic properties of the porphyrin change due to the 

electronic interaction between the π system of the porphyrin 

and the Au nanoparticles when the porphyrin and the Au 

nanoparticle is very close.
49-51

 The effect is already small when 

the porphyrin and the Au nanoparticle is separated by 

bis(methylene) groups. In the present system, such a strong 

interaction of porphyrin π system and the Ag surface is unlikely 

because the TCPP molecules are separated from the Ag surface 

by MHA (C18) as well as a Ti(O) layer. The observed 

photocurrent action spectra as well as the fluorescence 

excitation spectra (as described in section 3.4.) which match 

well with the Soret and the Q-bands of porphyrin further 

support that the electronic structure of TCPP is maintained in 

the state of being immobilized on AgPRs in the present case. 

In this study, we succeeded in enhancing the photocurrents 

in both the shorter and longer wavelength regions in the Q-

band, including the region where Au LSPR could not cause 

enhancement. Successful examples of efficient photocurrent 

enhancement utilizing Ag LSPR are few; the highest reported 

EF by the Ag LSPRs was 10.
17-19

 This might be because the 

handling of Ag nanoparticles is difficult and/or because Ag 

nanoparticles are photochemically unstable possibly due to 

photocorrosion.
17,19,23

 Also, the choice of Ag nanoparticle 

shape is important because the intensity of the local electric 

fields largely depends on their shapes. In this study, we 

succeeded in efficiently enhancing the photocurrents by up to 

37 times. The positive results might well be due to the choice 

of the AgPRs, which generate strong local electromagnetic 

fields as shown in section 3.4 and the fabrication of systems 

stable upon photoirradiation as described in section 3.6. 

3.4. Mechanism of photocurrent enhancement 

As stated in the previous section, the photocurrents of TCPP 

immobilized on the AgPRs/ITO were enhanced at the specific 

wavelength region where their LSPR bands reside. As a result, 

the photocurrent intensity showed the following features:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (A) Photocurrent action spectra corrected with the 

number of TCPP for (a) TCPP/AgP/ITO, (b) TCPP/SAgPRs/ITO, 

and (c) TCPP/LAgPRs/ITO. (B) Magnified view of (A) at the Q-

band region. (C) EFs of photocurrents of (a) TCPP/SAgPRs/ITO 

and (b) TCPP/LAgPRs/ITO against TCPP/AgP/ITO. (D) 

Normalized extinction spectra for (a) TCPP/SAgPRs/ITO and (b) 

TCPP/LAgPRs/ITO in air and (c) TCPP/SAgPRs/ITO and (d) 

TCPP/LAgPRs/ITO in electrolyte aqueous solution.  Red-shaded 

and blue-shaded areas indicate the wavelength regions where 

the photocurrent enhancements for TCPP/SAgPRs/ITO and 

TCPP/LAgPRs/ITO were, respectively, dominant.  
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TCPP/SAgPRs/ITO > TCPP/LAgPRs/ITO below 610 nm and 

TCPP/LAgPRs/ITO > TCPP/SAgPRs/ITO above 610 nm. It has 

recently been reported that the LSPR from AgPRs led to 

enhancement of emission of fluorophores.
52,53

 To shed light 

into the mechanism of the photocurrent, we investigated the 

fluorescence enhancement by the AgPRs. Figure 6(A) shows 

the fluorescence excitation spectra monitored at 715 nm for 

the electrodes corrected with the difference in the number of 

the TCPP molecules on each of the electrodes. The 

enhancement of fluorescence of the fluorophores by the LSPR 

excitation can be explained by two mechanisms:
54,55

 

photoexcitation enhancement, which is induced when the 

LSPR band overlaps with the absorption band of the 

fluorophores, and the enhancement in the radiative decay rate 

from the photoexcited state, which is induced when the LSPR 

band overlaps with the emission band. In the present case, the 

photoexcitation enhancement would be very small when 

excited at the Soret band at 423 nm because the band is far 

away from the in-plane dipole LSPR modes (main LSPR modes) 

of both of the AgPRs. Thus, the larger enhancement of 

fluorescence at 715 nm when excited at 423 nm for 

TCPP/LAgPRs/ITO than that for TCPP/SAgPRs/ITO can be 

mostly ascribed to a larger decay rate enhancement for the 

former, which is reasonable because the fluorescence 

wavelength is well overlapped with the LSPR band of 

TCPP/LAgPRs/ITO rather than that of TCPP/SAgPRs/ITO. This 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  (A) Fluorescence excitation spectra (λem = 715 nm) 

per TCPP molecule for (a) TCPP/SAgPRs/ITO and (b) 

TCPP/LAgPRs/ITO. (B) Fluorescence excitation spectra (λem = 

715 nm) normalized at 423 nm for (a) TCPP/SAgPRs/ITO and 

(b) TCPP/LAgPRs/ITO, and extinction spectra for (c) 

TCPP/SAgPRs/ITO and (d) TCPP/LAgPRs/ITO.  All spectra were 

measured in air. 

suggests that we can extract the effect of the phtoexcitation 

enhancement if we subtract the effect of decay rate 

enhancement by normalizing the fluorescence intensities from 

the two systems with those obtained by excitation of the Soret 

band. Upon normalization of the fluorescence excitation 

spectra at 423 nm [Figure 6(B)], the fluorescence intensities 

were TCPP/SAgPRs/ITO > TCPP/LAgPRs/ITO when excited at 

460–600 nm, where the LSPR band of TCPP/SAgPRs/ITO is 

prominent, whereas TCPP/LAgPRs/ITO > TCPP/SAgPRs/ITO 

when excited at above 600 nm, where the LSPR band of 

TCPP/LAgPRs/ITO is prominent. The excitation spectral shapes 

are similar to those displayed by the photocurrent action 

spectra [Figure 5(A) and (B)]. These results suggest that the 

wavelength-dependent switching of the trend in the 

photocurrents of TCPP/SAgPRs/ITO and TCPP/LAgPRs/ITO was 

the result of the wavelength-specific enhancement of the 

photoexcitation efficiency. 

To further demonstrate that the enhancement of 

photocurrent is caused by the generation of strong local 

electromagnetic fields via the LSPR excitation of the AgPRs, we 

estimated the electric field distributions at the points 1 nm 

away from the AgPR surfaces in water using FDTD simulation 

at the excitation wavelength of 520, 560, 600, and 650 nm, 

corresponding to the peak of the Q-band. The geometric 

models (Figure S3) of the SAgPRs and LAgPRs for the 

simulation were obtained from the TEM images shown in 

Figures 1(A) and S1. As shown in Figure 7(A), the 

electromagnetic field strengths (|E/E0|
2
, normalized by the 

incident light power) and the spatial position of the maximum 

electromagnetic fields are dependent on the excitation 

wavelength and the size of the AgPRs. 

 The SAgPRs and the LAgPRs showed the highest local fields at 

a shorter (around 560 nm) and a longer wavelength region 

(around 650 nm), respectively, in the Q-band region (Figure 

7(B)). The obtained field intensities are substantially different 

from those reported in previous papers.
56,57

 This may be due 

to the difference in the shape of the models (e.g. roundness of 

the corner). In addition, those strong electromagnetic fields 

are well distributed over the AgPR faces, and therefore should 

be strongly contributed to the excitation of TCPP on the AgPRs. 

These wavelength dependences of the intensity of the local 

electromagnetic fields from the SAgPRs and LAgPRs are well-

correlated with those of the EFs of the photocurrents from the 

TCPP/SAgPRs/ITO and TCPP/LAgPRs/ITO, respectively. As a 

consequence, it is concluded from these results that the 

photocurrent enhancements were induced by the LSPR 

excitation of the AgPRs. 

3.5. Photocurrent enhancement over the Q-band region of 

porphyrin 

Although we succeeded in controlling the wavelength region 

at which the photocurrents of TCPP are enhanced, it has also 

become evident that single plasmonic nanoparticles alone 

cannot enhance the photocurrent over the entire Q-band 

wavelength region. Therefore, we attempted to achieve the 

photocurrent enhancement over the entire Q-band region by  
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the use of a combination of AgPRs with different aspect ratios, 

which generate the LSPR at different wavelengths. As shown in 

Figure 8(A), TCPP/MAgPRs/ITO in the electrolyte solution 

showed an LSPR band containing two extinction peaks (548 

and 676 nm) derived from the in-plane dipole mode of the 

SAgPRs and LAgPRs over a wide region. The photocurrent 

action spectra corrected for the difference in the number of 

TCPP molecules of the TCPP/MAgPRs/ITO and TCPP/AgP/ITO 

as a reference electrode are shown in Figure 8(A) (and 

magnified view: Figure 8(B), the photocurrents before 

correction are shown in Figure S5). In Figure 8(C), the EFs of 

the photocurrent at each wavelength from the electrode 

against TCPP/AgP/ITO are shown. Interestingly, the maximum 

EF value was approximately 41 at a wavelength of 620 nm. As 

shown in Figure S6, the excellent EFs were observed mostly 

between those of TCPP/SAgPRs/ITO and TCPP/LAgPRs/ITO, 

covering the entire visible region (460-690 nm). These results 

show that the photocurrents of TCPP were effectively 

enhanced over the wide Q-band region by expanding the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

generating wavelength of Ag LSPR.   

3.6 Photocurrent enhancement by broadband LSPR excitation 

and stability of the photocurrent generation 

The simultaneous use of two kinds of the AgPRs led to the 

photocurrent enhancement over the entire Q-band region, as 

shown in the above experiments using monochromatic 

excitation light. In order to demonstrate the usability of this 

technique, we also evaluated the photocurrent enhancement 

by the standard AM1.5G sunlight (150 mW/cm
2
). Light above 

480 nm was passed through a longpass filter (of 480 nm) to 

extract the enhancement at the Q-band region (480-690 nm) 

where the LSPR is prominent. The photocurrent values 

corrected for the number of immobilized TCPP are shown in 

Figure 9. All of the sample electrodes containing the AgPRs 

efficiently generated larger photocurrents than the 

TCPP/AgP/ITO.  The average EFs were 19, 14, and 21 for 

TCPP/SAgPRs, LAgPRs, and MAgPRs/ITO, respectively. The 

photocurrent generated from the TCPP/SAgPRs/ITO was 

Figure 7. (A) Electromagnetic field distributions of SAgPRs (edge length: 27 nm, aspect ratio: 2.7) and LAgPRs (edge length: 44 nm, 

aspect ratio: 4.4) in water (n = 1.333). The geometric front views of SAgPR (a) and LAgPR (f), and their electromagnetic field 

distributions at the wavelength of 520 nm ((b), (g)), 560 nm ((c), (h)), 600 nm ((d), (i)), and 650 nm ((e), (j)), at the point 1 nm distance 

above the surfaces of SAgPR and LAgPR.  The field strengths were normalized by the incident electromagnetic field strength. The area 

in white color means |E/E0|
2
 ≥ 25.  The spatial position of the maximum electromagnetic field is shown by X. (B) Maximum intensity of 

the electromagnetic field (corresponding to position X indicated in (A)) generated on the (a) SAgPRs and (b) LAgPRs with excitation at 

the peaks of the Q-band and at 700 and 750 nm. Electromagnetic field distributions at each of the wavelengths extended to 750 nm are 

shown in Figure S4.  
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Figure 8. (A) Photocurrent action spectra corrected with the 

number of TCPP for (a) TCPP/AgP/ITO [the same as (a) in 

Figure 3(A)] and (b) TCPP/MAgPRs/ITO. (B) Magnified view of 

(A) at the Q-band region. (C) Photocurrent EFs of 

TCPP/MAgPRs/ITO against TCPP/AgP/ITO and (b) an extinction 

spectrum measured in aqueous electrolyte solution for 

TCPP/MAgPRs/ITO. 

 

 

greater than that from the TCPP/LAgPRs/ITO, because the 

LSPR band of the TCPP/SAgPRs/ITO matches better with the Q-

band of TCPP as compared with the TCPP/LAgPRs/ITO. In 

addition, the photocurrent from TCPP/MAgPRs/ITO was even 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Photocurrent values of TCPP/AgP/ITO, 

TCPP/SAgPRs/ITO, TCPP/LAgPRs/ITO, and TCPP/MAgPRs/ITO 

generated by irradiation of AM1.5G sunlight through the 

longpass filter of 480 nm. Error bars were obtained by 

measuring the photocurrent thrice. 

 

larger than that from TCPP/SAgPRs/ITO. These results show 

the effectiveness of using a combination of different plasmonic 

nanoparticles. 

Finally, we examined the photostability of the fabricated 

systems based on the AgPRs. Figure 10 shows the 

photocurrent profile of the TCPP/MAgPRs/ITO, upon the 

sequential on/off switching of AM 1.5G irradiation, through 

the longpass filter for 10 min. The photocurrent was stably 

generated without any decrease in the current density over 

the measurement period. This result indicates that the 

photoelectric conversion systems based on the Ag 

nanoparticles fabricated in this study possess reasonable 

photostability. Previous paper reported that the spherical Ag 

nanoparticles protected with aliphatic molecules were stable 

during the photocurrent measurements.
17

 In our systems, the 

AgPRs were modified with the long alkylcarboxylates (MHA) in 

the immobilization process of TCPP. Thus, the modification of 

the aliphatic molecules may prevent the photocorrosion of 

even the anisotropic nanoparticles, which contain larger 

curvature than spherical Ag nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Photocurrent profile of TCPP/MAgPRs/ITO by 

irradiation of AM1.5G sunlight through the longpass filter of 

480 nm upon sequential on/off light switching for 10 min. 

4. Conclusion 

In this study, photoelectric conversion systems consisting of 

the TCPP molecules and the two kinds of AgPRs (with different 

aspect ratios) were fabricated. The incorporation of the AgPRs 

led to an enhancement of photocurrent because of efficient 

photoexcitation of TCPP at wavelengths that were tuned by 

adjusting the aspect ratio. The maximum EFs for the SAgPRs 

and LAgPRs were 37 and 35, respectively. Next, we succeeded 

in enhancing the photocurrent over the wide Q-bands region 

with a maximum EF of 41 by the combined use of SAgPRs and 

LAgPRs.  The control and expansion technique of these Ag 

LSPR bands with high photostability has potential for 

application in plasmonic photoelectrochemical devices such as 

artificial photosynthetic systems and photoelectrochemical 

biosensors. Furthermore, combination of various other 

plasmonic materials could lead to the development of high-

performance plasmonic devices. 
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