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This communication describes the use of Ag,S-encapsulated Au
nanorods (AuNR@Ag,S) to enhance longer wavelength sunlight
utility in dye-sensitized solar cells (DSSCs). We observed that the
longitudinal plasmon resonance of AuNRs induces a remarkable
increase of 37.6% in photocurrent generation at 600-720 nm.
Optical characterizations indicate that the increased optical density
and decreased light transmission as a result of AuNRs incorporation
engender the striking improvement. With AuUNR@Ag,S, the final
power conversion efficiency (PCE) of the DSSC with a thin anode
(6 pm) increases from 4.3% to 5.6%, which is comparable to that of
a pure TiO, anode based DSSC (5.8%) with a film thickness of
11 pm. Further, incorporation of AuUNR@Ag,S into the thick anode
leads to the PCE increasing to 7.1%.

A dye-sensitized solar cell (DSSC) is composed of an inorganic
semiconducting photoanode with adsorbed dye sensitizers and filled
by electrolyte, and a platinized counter electrode.’* This device
configuration has attracted increasing interest primarily due to its
easy fabrication and reasonably high solar-to-electric power conver-
sion efficiency (PCE).*¢ Extending the response of dye sensitizers to a
broader range of the solar spectrum is a key step in further improving
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the device efficiency.” It is estimated that a PCE over 15% using
I"/I;” as redox couple would require a DSSC absorbing 80% of
sunlight from 350 to 900 nm.® To date, the most efficient conven-
tional sensitizers are polypyridyl ruthenium dyes with a bandgap of
about 1.8 eV, e.g., N3 and N719. Their strong absorption peaked at
530 nm while the absorption coefficient drastically decreased at
longer wavelength.! Therefore, strategies that can increase the lower
energy sunlight harvesting would maximize the usage of the existing
dyes, leading to improved device efficiency. A few methods have been
performed to extend the absorption spectrum through reorienting
thiocyanate ligands, altering bipyridyl ligands, or replacing ruthe-
nium with osmium as central metal.® Whereas light-to-electricity
conversion at longer wavelengths is improved, the overall efficiency is
not increased due to reduced light harvesting efficiency at the original
absorption maximum. Other relevant works incorporate energy relay
dyes® or develop new dye molecules with strong absorption in the red
or near-infrared (NIR) region, such as those of indolines, coumarins
and squaraines.®'®'? Nonetheless, the overall PCEs are usually
smaller, sometimes becoming much lower, than those of N3/N719
analogues due to either loss of the strong absorption at 500-600 nm
or difficulty in generating appropriate electronic configurations that
match well with the semiconducting photoanode and/or tri-iodide
electrolyte.*'> Apparently, increasing the photocurrent generation at
longer wavelength of the conventional N3/N719 without sacrificing
the original absorption is highly preferable.

A recently developed method to increase light utility in solar cells
exploits localized surface plasmon (LSP) of noble metal nano-
structures (e.g. Au, Ag).®* By proper incorporation of metal

Broader context

Noble metal nanoparticles have demonstrated strong ability in light engineering. Surface plasmon resonance (SPR) of metal
nanoparticles can effectively trap light to increase sunlight utility in solar cells. This communication reports the improvement of low
energy sunlight harvesting in dye-sensitized solar cells using Au nanorods with longitudinal plasmon absorption maximum at 685
nm. We found that by proper incorporation of Ag,S-encapsulated Au nanorods into a TiO, based photoanode, photocurrent
generation at longer wavelengths (600—720 nm) can be enhanced by 37.6%. Since most of the conventional dyes or quantum dots
show rapidly decreased absorption coefficients at longer wavelengths, the use of plasmon induced light trapping would find wide
applications in enhancing solar spectrum response of the solar cells. Further, the SPR of metal nanoparticles dependent on the
nanoscale morphology of the metal nanoparticle offers a unique platform for enhancing light harvesting at a specific wavelength and
thus could be complementary to the development of dye molecules. This approach to increase the specific range of light utility would
also be applicable for other photovoltaic devices such as polymer solar cells and inorganic thin film solar devices.
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nanoparticles into electrodes, light can be efficiently trapped/
concentrated as a result of surface plasmon resonance (SPR). The
enhanced electric near-field and increased optical path length have
demonstrated ability to improve the photocurrent density in silicon,
GaAs and polymer solar cells.”>"® To explore the potentials in
DSSCs, most of the studies make use of SPR of spherical Ag or Au
nanoparticles, but the photocurrent enhancement is usually restricted
to around 430 nm and 530 nm, respectively.’*'*?* Rod-like Ag and
Au nanostructures have longitudinal plasmon absorption that can be
tuned from visible, NIR and to the IR region by simply manipulating
the aspect ratios of the rod,** ¢ providing a unique opportunity for
utilizing the low energy range of the solar spectrum. Taking the
stability and ease of synthesis into account, herein we use Au nano-
rods (AuNRs) to improve photocurrent generation in DSSCs.

It is noted that metallic nanoparticles are good conductors and
often serve as recombination sites for photogenerated charge carriers.
Therefore, the surfaces of the metallic nanoparticles are usually
coated with a layer of TiO, or SiO, materials before incorporating
into a DSSC. Such surface encapsulation also reduces the corrosion
of metal nanoparticles by electrolyte, especially for Ag.** Hydrolysis
of titanium or silicon precursors for the formation of the TiO, or SiO,
shell has been widely used for the coating.’®?' Nevertheless, AuUNRs
were synthesized using cationic surfactant hexadecyltrimethy-
lammonium bromide (CTAB) as a morphology controlling surfac-
tant forming double-layered CTAB (Fig. la and b).***” Due to the
long aliphatic tail of CTAB, it is difficult to coat a thin and dense
layer of TiO, and SiO, by direct hydrolysis. Therefore, we encapsu-
late the AuNRs surface with a layer of Ag,S via a two-step chemical
process (Fig. 1a). The Ag shell firstly grows on the AuNRs surface
through reduction of Ag" by ascorbic acid (see ESI{ for details). This
process can be easily carried out and the shell thicknesses are readily
controlled by adding different amounts of AgNOs. The Ag shell is
thus transformed to Ag,S by reacting with Na,S,?® and the final
Ag,S-coated AuNR is denoted as AuNR@Ag,S (Fig. 1a and ¢). The
thicknesses of Ag,S are controlled at 2, 3.7 and 6.0 nm for investi-
gations (Fig. 1c and S1}). The longitudinal absorption peak of
AuNR@AgS is at ~685 nm (2 nm shell thickness) (Fig. 1d), where
the relatively strong irradiance of sunlight at this region ensures
efficient SPR. At the same time, the absorption of N719 at around
685 nm is weak, thus the incorporation of AuUNR@Ag,S is expected
to enhance sunlight harvesting in this range.

To obtain an optimized device performance, “plasmonic pastes” of
TiO, nanoparticles containing AuUNR@Ag,S at different concen-
trations were prepared. A reference device was fabricated using only
TiO, as anode material (device 1). Fig. 2 shows the short-circuit
current density (Jy.), open-circuit voltage (V) characteristics; the Jy,
V.. and PCE () of device 1 are measured to be 8.79 mA cm ™2, 0.726
V and 4.3%, respectively. With the incorporation of AuUNR@Ag,S
(0.88% wt, device 2), the PCE slightly increased to 4.5%. These device
parameters are tabulated in Table 1 for easy comparison. The control
experiment shows that the addition of AuNRs in the absence of Ag,S
leads to a PCE of 3.6% (Fig. S2t); the conducting Au surface can trap
both electrons and holes and thus can serve as recombination sites.
When the concentration of AUNR@Ag,S reaches 1.69% wt (device
3), PCE is further increased to 5.6% with J. and V. being 11.10 mA
cm~2 and 0.786 V (Fig. 2 and Table 1). It can be seen that the
enhancement in both V. and Jg is responsible for the improved
PCE. Since the conduction band of Ag,S (—3.6 eV vs. E,,.) is more
positive than that of TiO, (—4.2 eV vs. E,., Fig. S31),2* the charge
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Fig. 1 A schematic illustration of a Au nanorod stabilized by hex-
adecyltrimethylammonium bromide (CTAB) and a two-step chemical
process towards AuNR@Ag,S (a) (CTAB is not drawn in the synthesis
scheme for clarity); TEM images of as-synthesized Au nanorods (b) and
AuNR@Ag,S with Ag,S thickness of 2 nm (c); solar irradiance spectrum,
absorption of AuNR@Ag,S (2 nm in shell thickness), N719 dye solution
in acetonitrile and #-butanol and Ag,S-encapsulated Ag nanoparticles,
AgNP@Ag,S (d) and a 2D device configuration of the plasmon-enhanced
DSSCs, in which dye molecules were not included for clarity (e). SEM
images of the TiO,/AuNR@Ag,S anode film are provided in the ESL.}
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Fig. 2 The J-V characteristics of devices 1 to 9.

equilibration between them would lead to an up-shift of the TiO,
conduction band, thereafter enlarging the gap between the apparent
Fermi level of TiO, and the Nernstian potential electrolyte for higher
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Table 1 The Jg., V., fill factor (FF) and PCE (n) of devices 1 to 9 under one sun illumination

DSSC* Anode composition” J. (mA cm™2) Voe (V) FF (%) PCE (n,%)
1 TiO, only 8.79 £+ 0.10 0.726 £ 0.018 67.1 £0.2 4340.1
2 0.88% wt Au@Ag,S (2.0 nm) 9.28 + 0.16 0.778 + 0.016 62.3 + 0.1 4.5+ 0.1
3 1.69% wt Au@Ag,S (2.0 nm) 11.10 £+ 0.20 0.786 + 0.006 63.7+0.2 5.6+0.2
4 2.05%wt Au@Ag,S (2.0 nm) 9.99 +£0.12 0.780 + 0.017 60.4 +0.1 47+ 0.2
5 1.69% wt Au@Ag,S (3.7 nm) 10.07 £+ 0.19 0.770 £ 0.022 65.1 £0.3 51+0.1
6 1.69% wt Au@Ag,S (6.0 nm) 10.64 + 0.24 0.752 £+ 0.012 56.2 +£0.2 454+0.1
7 Ag@Ag-S 9.33 £ 0.15 0.772 + 0.013 66.8 = 0.1 4.8 +0.3
8 SiO,/TiO5-1 8.30 + 0.16 0.812 £+ 0.016 65.2 +£0.3 44 +0.1
9 SiO,/TiO,-2 8.56 + 0.18 0.779 £ 0.022 69.0 £ 04 4.6+ 0.1

“ The effective areas of all the devices are 0.24 cm? and the thicknesses of the anode films are 6 pm. * The anodes of device 2 to 6 contain different amount
of AuUNR@Ag5S in TiO, and the anode of device 7 contains Ag@Ag,S in TiO,; in device 8 the concentration of SiO, in TiO; is the same as AuNR@Ag,S
in TiO; in device 3 and in device 9 the concentration of SiO, is increased by 4 times when compared with device 8.

Voe.32 The substantially improved photocurrent density is attrib-
uted to the improved light harvesting (vide infra), which additionally
contributes to photovoltage increment.® However, further increasing
the concentration of AUNR@Ag,S (2.05% wt, device 4) results in a
PCE decrease to 4.7%. While it is also possible that plasmon would
induce electron generation at the interface and pass through the
ultrathin layer of Ag,S to the TiO, surface,33* the contribution to the
final PCE should be negligible due to the quite fast back electron
transfer and low concentration of AUNR@Ag,S.

To gain insight into the operation mechanism, the electrochemical
impedance spectra (EIS) of devices 1 to 4 were characterized under
open-circuit voltage and one sun illumination.® The equivalent
circuit is depicted in the inset of Fig. 3, where R, R, and R, represent
the series resistance and the charge transfer resistance on the counter
electrode and at the interface of TiO./dye/electrolyte, respectively.3¢37
In an EIS spectrum, the intercept of the first circle on Z.,(Ry) is the
Ohmic serial resistances (R;), which is usually caused by electrolyte,
electrodes and other components such as FTO, and AuNR@Ag,S
addition. Since the only difference among devices 14 is different
concentrations of AuUNR@Ag,S, the increased R is a result of
AuNR@Ag,S addition. Owing to the conduction band of Ag,S
being higher than that of TiO,, the high concentration of AuN-
R@Ag,S existing in the TiO, nanoparticle network would lead to a
more prominent increase in the internal electron transport resistance
for the higher R;.

The maximum frequency (wpm,x) from the intermediate Nyquist
semicircle (Fig. 3) for device 1is 121 Hz while those of devices 2, 3 and
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Fig. 3 Electrochemical impedance spectra of devices 1, 2, 3 and 4.

4 reduce to 114, 110, and 108 Hz. Since wy,, is inversely associated
with electron lifetime (7o) : e = 1/(2TwWmax),">*° the decreased wpmax
suggests longer electron lifetimes for PCE improvement. On the other
hand, the diameters of the Nyquist semicircles correspond to charge
transfer resistance (R,) at the TiO,/dye/electrolyte interfaces. As the
conduction band of Ag,S is higher than the LUMO of N719 (—3.85
eV vs. Ey), an electron is unable to inject into AuNR@AE,S,
rendering R,s seemingly changing from 21.2, 23.6, 24.0 to 24.9 Q for
devices 1, 2, 3 and 4, respectively (Fig. 3); this evolution of charge
transfer resistance has a negative effect on the performance
improvement. Therefore, an appropriate amount of AUNR@Ag,S is
vital for an efficient DSSC.

Further investigation is carried out to study the UV-vis-NIR
absorption/transmission of the anode films. The dye-adsorbed anode
film of device 1 displays the typical absorption features of N719 when
compared to that of pure TiO, film (Fig. 4a). In AuUNR@Ag,S-
incorporated films, due to the absorption of AUNR@Ag,S ranging
from 400 to 900 nm (Fig. 1d), sunlight can effectively couple with
plasmon absorption in this range, which thus increases the optical
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Fig. 4 UV-vis absorption and transmission spectra of TiO, film and
anode films in devices 1, 3 and 4 (a and b); IPCE spectra of devices 1, 3,
and 7 (c); IPCE 600720 nm)/IPCE of devices 1, 2, 3 and 4 (d).
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density around AuNR@Ag,S. Consequently, dye molecules placed
in the vicinity of AUNR@Ag,S usually absorb more photons.!*324
In addition, the scattering effect of AuNRs would also contribute to
the enhanced light utility as it can extend the optical path length.
Similar phenomena have been observed in Ag nanoparticles
(absorption maximum at 420 nm) enhanced DSSCs, where the whole
absorption spectra of dye adsorbed films were enhanced as a result of
metal nanoparticle incorporation.’*>* On the other hand, trans-
mittance spectra present a reducing trend at 600-750 nm upon the
addition of AUNR@Ag,S (Fig. 4b). The strong longitudinal SPR
induced light trapping and scattering should account for the reduced
transmission.’>* Preferably, both the increased light absorption and
the reduced optical transmission are of benefit to device performance
improvement.

‘When the thickness of the Ag,S shell increased to 3.7 nm (device 5),
the optical absorption of the dye adsorbed anode film showed a
decrement when compared with that of device 3 (Fig. S47), indicating
the space-dependent plasmonic electric field intensity.” The other
effect of the reduced enhancement of the absorption is that, as the
thickness of Ag,S increases, the absorption maximum shifts to even
longer wavelength (Fig. S5t), inducing less efficient coupling between
enhanced electric field and dye molecules. As expected, when the shell
thickness increased to 6.0 nm (device 6), the optical absorption of the
dye adsorbed thin film was further decreased (Fig. S41). As a
consequence, the PCEs of devices 5 and 6 decreased to 5.1% and
4.5%, respectively (Fig. 2 and Table 1).

The incident photon-to-electron conversion efficiency (IPCE) is
more pertinent than UV-vis absorption/reflection for studying
photocurrent generation of DSSCs. It is a product of light-harvesting
efficiency, electron injection efficiency from excited dye molecules to
TiO, nanoparticles, and electron collection efficiency at the anode.
Fig. 4c shows that ICPE of device 3 is significantly improved when
compared with that of device 1. In plasmon-enhanced solar cells,
plasmon excitation could improve optical density near the metal
surfaces, dye molecules located in the vicinity of the nanoparticles can
harvest more photons, thus increasing the IPCE.***% For AuN-
R@Ag,S, the transverse plasmon absorption at 540 nm induced light
trapping could improve photocurrent generation in this region
(Fig. 4¢). In addition, the IPCE improvement at around 370 nm is
due to the scattering effect of AUNR@Ag,S since SiO, nanoparticles
with comparable size could also enhance the IPCE in this range (see
ESIf for detalils).

Notably, the IPCE of device 3 show significant broadening at 600
720 nm as compared with that of device 1 (Fig. 4c). Such broadening
of the spectrum domain suggests increased light utility in this range.”
For the reason that the film thickness of the two devices are the same
and the dye loading capacity of device 1 is slightly higher than that of
device 3 (Fig. S67), the increased light utility should be promoted by
the longitudinal SPR enhanced light trapping and reduced trans-
mission (Fig. 4b).®* To quantify the improvement, we integrate the
IPCE at 600-720 nm and the whole IPCE spectra of devices 1 to 4.
The value of TPCE 720 nmy/IPCE represents the contribution from
the 600-720 nm region to the overall IPCE. Calculation shows that
the IPCE 600720 nmyIPCE of device 1 is 8.5%, indicating that the
contribution from low energy sunlight is rather small. As a result of
AuNR@Ag,S incorporation, the values significantly change to 9.2%
and 11.7% for devices 2 and 3 (Fig. 4d), clearly demonstrating the
improved conversion of low energy sunlight into photocurrent.
However, the IPCE at 600-720 nm of device 4 is not further increased

(9.9%), but is still higher than that of device 1. This is most likely due
to decreased charge collection efficiency as a result of the increased
charge transfer resistance and series resistance with high concentra-
tion of AUNR@Ag,S as discussed above. Therefore, this preferential
enhancement of IPCE in 600-720 nm manifests the AuNRs’ longi-
tudinal SPR enhanced optical density for photon-to-current
conversion. In addition, our calculation shows that the conversion
efficiency of light to heat due to the interband transition at longer
wavelengths is smaller than that at short wavelengths (around
540 nm, Fig. S71); this could also contribute to long wavelength
sunlight harvesting in the devices.

To further verify AuNR improved low energy sunlight harvesting,
we incorporate AgNP@Ag,S into a TiO, anode for investigation
(device 7). The strong absorption is at 430 nm while the absorption at
600-720 nm is weak (Fig. 1d). This absorption tail results from some
rod-like and non-spherical Ag nanostructures (Fig. S87). As a result,
the PCE reaches 4.8% (Table 1). The prominent improvement of the
IPCE is at around 430 nm due to plasmon enhanced optical density
and light scattering of AgNP@Ag,S (Fig. 4c). However, at longer
wavelength (600-720 nm) the spectral broadening is significantly
smaller than that of device 3 (Fig. 4c). The correspondence between
UV-vis spectra of metal nanoparticles and IPCE spectra reaffirms
SPR-enhanced photocurrent generation in the DSSCs.

In DSSCs, to harvest more photons, a common method is to
increase the anode film thickness in order to absorb more dye
molecules. Herein we prepared DSSCs with anode films up to
11 pm using pure TiO,, yielding a PCE of 5.8% (Fig. S9t), which is
significantly improved when compared with that of device 1 (4.3%,
6 um in film thickness). However, with only a 6 pm anode film
device 3 can achieve a PCE of 5.6% (Table 1). This observation
reveals that plasmon enhanced light trapping can lead to more
efficient light utility. On the other hand, a thin anode film is helpful
for fast carrier transport to the collecting electrode while a thick
anode film unavoidably increases the electron diffusion distance.
Further, when the anode is prepared using plasmonic paste with an
anode thickness of 11 pum, the PCE is improved to 7.1% (Fig. S9t),
indicating the effectiveness of plasmon enhanced DSSC with thicker
anode films.

In summary, the use of the plasmon effect of gold nanorods is
found to improve photocurrent density by efficiently converting low
energy sunlight into electricity. A remarkable improvement of 37.6%
in photocurrent generation at 600-720 nm is achieved. This approach
to improving low energy sunlight harvesting can find wide applica-
tions due to the fact that the peak absorption of most conventional
dye molecules centre at 500-600 nm. Since the optical response of
gold nanorods is dependent on their aspect ratio, harvesting sunlight
at various longer wavelengths can be readily achieved by simply
adjusting the aspect ratio of Au nanorods. In this case, the use of
plasmon enhanced light utility is complementary to the development
of novel dye molecules to increase the absorption coefficient at
specific wavelength regions. Finally, we believe that research aiming
at improving light utility in other solar devices (such as thin film p-n
Jjunction solar cells and polymer solar cells) can also benefit from this
investigation.
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