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Abstract. Harvesting solar energy is a promising solution towards meeting the world’s ever-growing energy demand.
Dye-sensitized solar cells (DSSCs) are hybrid organic-inorganic solar cells with an enormous potential for commercial
application, but are plagued by inefficiency due to their poor sunlight absorption. Plasmonic silver nanoparticles
(AgNPs) have been shown to enhance the absorptive properties of DSSCs, but their plasmonic resonance can cause
thermal damage resulting in cell deterioration. Hence, the influence of Zr-doped TiO, on the efficiency of plasmon-
enhanced DSSCs was studied, showing that 5 mol % Zr-doping of the photoactive TiO, material can improve the
photovoltaic performance of DSSCs by 44 %. By choosing three different DSSC designs, it became clear that the
efficiency enhancing effect of Zr strongly depends on the closeness of the Zr-doped material to the plasmonic AgNPs.
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1 Introduction

Dye-sensitized solar cells (DSSCs) are regarded as one of the most promising solar cell designs
amongst third-generation photovoltaic (PV) technologies, particularly due to their low cost, easy
preparation, and minor environmental impact with respect to earlier-generation devices'?. The
photoactive semiconductor material is typically TiO> in nanoparticle form (nTiOz). Advances in
their design,’> their incorporation onto flexible substrates®® and their scalable fabrication
techniques'®!! have allowed DSSCs to move from the laboratory scale to real-life application.
Although their positive inherent features can facilitate their entry into the PV market, there is still
a need for improvement to achieve higher performance DSSCs. In other words, an increase in

DSSC efficiency is desired. One of the biggest challenges for efficiency enhancement is the



inefficient sunlight absorption in DSSCs.!? The dye that sensitizes the TiO» photo-absorbing
material does not respond equally to all incoming wavelengths of the solar spectrum,'® thus
limiting the number of photons that can be converted into electricity.

One approach to improve DSSCs light harvesting capabilities is the implementation of plasmonics,
typically in form of coinage metal nanoparticles (NPs).'* These plasmonic NPs offer a resonance
phenomenon involving the oscillation of the free electron gas in the metal NP, which is driven by
the incoming electro-magnetic wave. This leads to very strong absorption and scattering, and to a
highly amplified evanescently decaying electro-magnetic field at the NP’s surface'>"!”. The effect
is called localized surface plasmon resonances (LSPR). In DSSCs, the NPs increase the effective
absorption cross-section by scattering off the incoming photons of their path, thus enhancing the
interaction length with the device and by efficiently coupling the amplified evanescent fields to
the semiconductor and the dye.!?

For solar energy harvesting, visible light (400 - 700 nm) is of interest. AgNPs exhibit a strong
LSPR effect in the visible range of the solar spectrum.'82° These unique optical properties of
AgNPs enhance the light absorption capability of their surrounding environment; and several
examples have been published that demonstrate enhanced photocurrents in PV devices owing to
AgNP’s unique absorptive and scattering capabilities. '8!

On the other hand, absorption, and especially LSPR, is a well-known mechanism for energy
dissipation in form of heat, which is used, e.g., in biodiagnostics, therapy, and drug delivery.??
Baffou and Quidant®® have calculated the temperature profile of metal NPs under continuous-wave
illumination. They found that the heat density can be greatly non-uniform within a NP. However,
at equilibrium, the temperature is generally uniform inside the NP. This behaviour is caused by

the much larger thermal conductivity of the metal NP in comparison to the (typically non-metal)



surrounding material. The NP’s temperature enhancement depends on several parameters
(absorption cross-section, shape of the NP, thermal conductivity of the surrounding medium,
wavelength and irradiance of the incoming light, and the distance to the nearest neighboring NPs).
For an isolated, spherical (20 nm in diameter: @) AuNP in H»O, which is illuminated at a
wavelength of 530 nm at an irradiance of 1mW/um? a temperature increase of 5°C can be
measured. However, when NPs get close to each other e.g., AuNPs (9: (30 £ 3) nm) with distances
of (100 + 10) nm to neighboring NPs, the temperature enhancement can be 100°C (1ImW/um?, A
=532 nm).?3*

There is quite a variety of organic dyes that are implemented in DSSCs.?>2® But ruthenium
complex compounds, in particular, have received high interest as photosensitizers in DSSCs, as
they show favorable photo-electrochemical properties and a high stability in the oxidized state.?”-?®
However, despite these properties heat damage of ruthenium sensitizers has been reported.?’
Increasing dye degradation temperatures (80 - 160°C) in DSSCs lead to unfavourable growth of
electron recombination rates, decreasing photo-current densities, and drastically reduced open-
circuit voltages (Voc): all contributing to substantially reduced energy conversion efficiencies
(m).*

AgNPs exhibit very similar temperature enhancements compared to AuNPs,*! and are therefore
excellent candidates to exploit the thermostabilizing effect of zirconium-doped TiO> as
photoactive material in plasmon enhanced DSSCs. Zirconium (Zr) is one of the most suitable
dopants, as it is known to have very high thermo-stabilizing properties. The implementation of Zr-
doped TiO2 NPs (Zr/nTiO2) in the photoactive layer of DSSCs has shown a significant influence
on the thermal stability of the semiconducting oxide’s specific surface area (SSA) and pore

structure, a stabilization of the anatase phase and avoiding the anatase-rutile phase transition at



elevated temperatures, and has consequently enhanced the DSSC performance.*?-*® These factors
might be of great benefit in facilitating the heat created by LSPR.
Although AgNPs have been shown to amplify absorption in DSSCs, there is a clear limitation of

1.>! have observed a decrease in

this enhancement, due to the creation of heat. For example, Qi et a
energy conversion efficiency of their fabricated DSSCs when the concentration of AgNPs
exceeded 0.6 wt.%. This effect defines an upper limit of the amount of AgNPs that can be
incorporated into DSSCs, thus imposing a limit on the cell’s absorption improvement. Other
researchers have been reporting doping limits as well when incorporating plasmonic
nanostructures into their photoactive systems, or simply did not attempt concentrations above 0.5
wt.%.173%40 There are very few studies addressing a moderation by plasmonic-NP doping limits.

The use of Zr as a thermo-stabilizer in plasmon-enhanced DSSCs has yet to be investigated, despite
the evidence that this material increases thermal stability by preserving the TiO2 structure at high
temperatures.*'** This work examines the effects of incorporating Zr into the nTiO, photoactive
material in LSPR-enhanced DSSCs, with the goal to stabilize the nTiO: at elevated temperatures
(occurring because of plamonic heating effects), to increase the limit of AgNP concentration in the

photoactive layer without provoking negative effects on the cell efficiency, and to increase the

overall efficiency in energy conversion.

2 DSSC Architecture Design

To understand both the role of Zr and the role of the positioning and distribution of AgNPs in
DSSC efficiencies, three different cell-architectures were designed (Fig.1): a) nTiO2 or Zr/nTiO»
as the photoactive material between a standard transparent fluorinated tin oxide (FTO) working
electrode (photo-anode) and a Pt counter-electrode as the classic architecture without plasmonic
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features, b) nTiOz or Zr/nTiO: as the matrix containing randomly mixed nano-aggregates of AgNPs
in Zr-free TiO2 (Ag/nTiO,), sandwiched between the two electrodes, and ¢) nTiOz or Zr/nTiO> as
the matrix between two electrodes, one of which is the photo-anode carrying a layer of AgNPs
covered by a blanket of Zr-free TiO.. The italic expressions are used throughout the paper to name
the designs. The random and blanket designs (Fig.1) offer different strategies (location and density
of the AgNPs) to couple the plasmonics of the AgNPs to the nTiO2 or Zr/nTiO; photoactive
semiconductor material and to investigate the influence on thermo-stabilization. The random
approach consists of AgNPs (randomly present in a Zr-free nano-agglomerate of nTiO3, in Fig.1
indicated as randomly positioned AgNPs in the photoactive layer) positioned randomly and
relatively sparse throughout the entire photoactive material of the DSSC, whereas the blanket
design consists of pure AgNPs immobilized chemically with a relative high density only on top of
the photo-anode via poly(4-vinylpyridine (P4VP). The interaction of the incoming light and the
Zr/nTiO; with the AgNP is different in both designs. The heat production due to LSPR should also

be different.
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Fig. 1 Schemes of the three DSSC designs. Left: non-plasmonic AgNP-free nTiO; or Zr/nTiO, matrix (classic),
middle: plasmonic Ag/nTiO, aggregate (random) within a nTiO; or Zr/nTiO, matrix, and right: plasmonic pure
AgNPs as a layer close to the photo anode (coated with a covering blanket of TiO2) on a nTiO; or Zr/nTiO; matrix.

In the random design, the AgNPs serve both as scattering centers and LSPR field enhancement
locations for boosting dye absorption and excitation. Scattering leads to an extension of the

interaction length of the incoming light in the photoactive layer, and the amplified evanescent
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fields around the AgNPs increase the absorption cross-section effectively. Since the rate of
electron excitation in the dye is proportional to the local light intensity,** the LSPR field
enhancement encourages the creation of more electron-hole pairs, which should lead to a higher
photocurrent, and thus increased photovoltaic efficiency.

In the random design, the AgNP density in the photoactive material is relatively low, however not
homogeneously distributed. Therefore, it is quite possible that some AgNPs are located close to
each other within the Ag/nTiO> aggregates and create centers of high temperature rise in a matrix
with mainly low temperature rise. Mainly small (5°C) to medium (<< 100°C) temperature
enhancements are expected. Since the Zr/nTiOx is close to the aggregated Ag/nTiO; material, the
Zr/nTi0; is also very close to the outermost AgNPs in the individual aggregates, but further away
from the inner AgNPs in the aggregate. Due to the nanoscopic dimensions of the components of
the photoactive material components, and the heat conductivity of the nanoscopic materials and
the electrolyte, temperature equilibration between Ag/nTiO2 aggregates and the Zr-doped material
should be quickly achieved.

In the blanket design, the AgNPs mainly serve as scattering centers to extend the interaction length
of the photons to be harvested in the photoactive layer.** The LSPR field enhancement is not
expected to contribute substantially to the dye absorption in the bulk DSSC as most of the dye
molecules are too far away. However, when NPs are positioned at the interface between two
dielectrics, light will scatter preferentially into the dielectric with the larger permittivity.** The
permittivity of TiOz (g ~ 100)** is higher than that of the polymer (P4VP-10) (¢ ~2.56)* binding
the AgNPs to the electrode. Therefore, the incident light is scattered preferentially into the TiO2
layer. The scattering cross-sections can reach values as high as ten times the geometrical area.**

The AgNP density above the blanket (Fig.1) is relatively high and will create locally elevated



temperatures. In the blanket design, the Zr/nTiO: is relatively far away from the AgNPs and will
act on heat mainly due to heat conductivity.

The efficiencies of DSSCs of the three different designs with various AgNP concentrations and Zr
concentrations were compared to investigate the influence of the AgNP locations and density, and

the effect of Zr-thermo-stabilization.

3 Fabrication of DSSCs

3.1 Materials

The FTO working electrodes, Pt counter-electrodes, polymer gaskets, electrolyte (Iodolyte Z-150),
rubber syringes and polymer sealing were all purchased from Solaronix (Aubonne, Switzerland).
N719 dye [cis-Bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium(II)], terpineol
(95 %), titanium(IV) isopropoxide (TIP; 97%), and acetylacetone (acac; > 99%) were purchased
from Sigma-Aldrich (Oakville, ON, Canada). Isopropanol (99.5 %), acetonitrile-190 (99.8 %),
N,N-dimethylformamide (DMF; 99%), and toluene (99.5%) were purchased from Caledon
(Georgetown, On, Canada). Anhydrous ethanol was purchased from Commercial Alcohols
(Toronto, On, Canada).

Fluorinated tin oxide (FTO) electrodes (thickness, 2.2 mm; sheet resistance, 7 /sq) were
purchased from Solaronix (Aubonne, Switzerland). Sulfuric acid (H2SO4, 98 %) was purchased
from Caledon (Georgetown, On, Canada). Hydrogen peroxide (H202, 30 wt % in H>O) and poly(4-
vinylpyridine) (P4VP, average MW ~ 60,000 D) were purchased from Sigma-Aldrich (Oakville,
ON, Canada). Sparkleen detergent solution was purchased from Fisher Scientific, Ottawa, ON,

Canada. Argon was purchased from Praxair, Canada.



Nano-sized nTiO; (anatase), Zr-doped, nano-sized Zr/nTiO> (anatase) with 5 and 10 mol % Zr,
and Ag/nTiO, an aggregated, random mixture of AgNPs and nTiO> (with 2.5 wt.% Ag in the
nTiO> (anatase) and AgNP’s @ < 9 nm) were synthesized via a modified sol-gel route.?*°*>? In

these aggregates, the AgNPs are only partially sealed with TiO> thus exhibiting some exposed

AgNP surfaces. Pure AgNPs were synthesized according to Evanoff et al.>

3.2 Fabrication and assembly of the classic and random design DSSCs

2.5 x 2.5 cm fluorine-doped tin oxide (FTO) glass electrodes (thickness: 2.2 mm; sheet resistance:
7 Q/sq) were first cleaned in Sparkleen detergent solution to remove residual organic
contaminants, followed by deionized water and isopropanol. Between each wash, the electrodes
were sonicated for 10 min. The cleaned electrodes were stored in isopropanol and were blown dry
using Ar before use. 2 x 2 cm Pt counter-electrodes (thickness: 2 mm) were cleaned in the same
manner.

The paste for the photoactive layer was prepared by mixing first powders of nTiO (anatase) or
Zr/nTiO: (anatase) with or without an appropriate mass of Ag/nTiO, (anatase) powder*>3%-2 to
obtain 0.3, 0.6, 0.9, 5, 10, 50 and 100 wt.% Ag/nTiO; containing (Zr-)titania powder. 30 mg of the
resulting titania based powder was blended with 0.5 ml of a binder solvent (custom made: 20 %
ethyl cellulose in ethanol, terpineol and acetic acid), and the resulting slurry subsequently ground
in a mortar with a pestle until a homogeneous gluey consistency was achieved. The photoactive

layers were formed by doctor blading a film of paste onto a cleaned FTO glass electrode using a

tape template of an area of 0.1257 cm?, cut with a circular die cutter. The paste was left to dry in



air at room temperature for 30 min, then calcined at 500° C for 1 h. The temperature ramp was set
to 15° C/min to avoid surface cracking of the film and to ensure proper adhesion to the FTO glass.
After cooling to about 80° C, the photo-electrodes were immersed into a 0.25 mM N719 dye
solution containing a 1:1 volume ratio of tert-butanol and acetonitrile, and left to immerse for 24h
at room temperature. After dyeing, the sensitized photoanodes were washed with anhydrous
ethanol to remove any excess of dye molecules to ensure that the porous nTiO> film was covered
with a monolayer of dye.

After activating the Pt counter-electrodes by heating them on a hotplate at 120° C for a few
minutes, the sensitized photo-anodes and the Pt counter-electrodes were assembled in a sandwich-
like configuration and sealed with a hot-melt gasket at 120° C. The electrolyte, which contained
150 mM of the iodide/tri-iodide redox couple, was introduced into the cells through a predrilled
hole in the counter electrode using a rubber syringe. The Pt electrodes were purchased with one
predrilled hole, but a secondary hole was drilled to facilitate air displacement while filling the cell
with the electrolyte. Finally, the holes were sealed with a hot-melt polymer and a cover glass
(Zeiss, 0.17 mm thickness) to avoid leakage or evaporation of the electrolyte. All fabrication steps
were performed under atmospheric conditions. For statistical purposes, 6 cells were fabricated for

each sample to ensure reproducibility.

3.3 Preparation of blanket design photo-anodes

In the blanket design, pure AgNPs>® were coated with a thin layer (blanket) of TiO2 by atomic
layer deposition (ALD) with a Savannah 100 Cambridge Nanotech (Waltham, Ma, USA) ALD
instrument. The TiO» blanket prevented direct contact between the AgNPs and the electrolyte,

avoiding the back reaction of electrons to the redox couple during cell operation. ALD was



implemented here as the method of choice to protect the pure AgNPs with a layer of TiO2 because
it ensures well-defined, conformal growth of TiO».

To prepare a blanket design electrode, FTO-coated glass electrodes were first cleaned with Piranha
solution (3:1 H2SO4:H202) for 30 min at room temperature. This treatment not only removes all
organic contaminants from the FTO surface, but also leaves it highly active by introducing
hydroxyl groups. Note: This solution reacts violently with most solvents and surfaces, and extreme
caution was exercised when carrying out this cleaning step. After the Piranha treatment, the
electrodes were thoroughly rinsed with deionized water before being blown dry with Ar gas. The
cleaned FTO substrates were functionalized with P4VP by immersing them in an ethanol solution
containing 2 wt.% P4 VP for 3 h. The electrodes were then rinsed with ethanol to remove any non-
adsorbed polymer and heated in an oven for 1 h at 100° C (20° C/min ramp) to relax the monolayer
of P4VP, facilitating a homogeneous distribution of the pure AgNPs on the surface. The P4VP-
functionalized electrodes were then immersed in the pure AgNP suspension. Having empty d-
orbitals characteristic of transition metals, the pure AgNPs in the solution bind strongly to P4VP
through the lone pair of electrons on the nitrogen of the pyridine ring. After 12 h of immersion,
the AgNP-coated electrodes were rinsed with deionized water and dried with Ar before finally
undergoing ALD to create a uniform TiO; layer on the AgNPs. To form a pinhole-free (fully
protective, fully covering) TiO layer, 300 cycles of TiO> precursor were deposited. Alternating
0.1-s pulses of the precursors TIP and H>O were used to form the TiO> layer. A TiO; thickness of
~7.7 nm was achieved.>* The precursors were held in the deposition chamber for 1 s before a 12 s
pump. The chamber temperature was set to 200° C, and the N> flow rate was 20 sccm. TIP was

held at 80° C and all other precursors were used at room temperature.
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After the ALD step, the photoactive paste (see sec. 3.2) was doctor bladed onto the electrode and
the DSSC assembled as described above. For statistical purposes, 6 cells of each type were

fabricated to ensure reproducibility.

4 Characterization

4.1 General analysis

The photo-anodes of the blanket design were characterized with a scanning electron microscope
(SEM: LEO-Zeiss 1540 XB, Zeiss, Oberkochen, Germany). A Kratos AXIS Ultra X-ray
photoelectron spectrometer (XPS) equipped with a monochromatic Al Ka X-ray source was used
to analyze the surface composition of each layer prepared on the photo-anode of the blanket design.
The LSPR absorption spectra were taken with a Shimadzu UV-3600 UV-Vis-NIR spectrometer.
The power conversion efficiency of the cells was measured using the simulated illumination of a
Newport Oriel 92250A-1000 (Irvine, Ca, USA) solar simulator and a Keithley 2420 (Cleveland,

Oh, USA) digital source meter.

4.2 Characterization of the blanket design DSSC photo-anode

The LSPR peak position (Amax) of the pure AgNPs dispersed in water (refractive index of water: n
=1.33) was at 430 nm. The LSPR peak position in an environment of TiO> with a refractive index
of at least 2.45 (for anatase)>®® is expected to shift considerably towards the red into the visible.
The layer system comprising the blanket design photo-anode and corresponding SEM images
taken throughout the electrode’s layer fabrication process are depicted in Fig.2. Fig.2a shows the
Piranha treated surface of FTO glass as a polycrystalline, densely agglomerated surface with
relatively sharp edged features. The deposition of PAVP smears out the sharp features of the FTO
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crystallites (Fig.2b). The deposition of AgNPs and the ALD of TiO> leads to indistinguishable
SEM images (Fig.2c,d). The AgNPs and the TiO> layers are smoothening further the
polycrystalline agglomerate structure of the FTO glass electrode and introduce new roundish
structures on top of those agglomerates (@: 20 - 70 nm), which are interpreted as clustered AgNPs
(coated with TiOy). The density of the AgNPs is very high and comparable to densities of samples

investigated by Baffou®* leading to high expected temperature enhancements in the order of 100°C.
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Fig. 2 Scheme of the layer system of the blanket design photo-anode and the corresponding SEM images taken
throughout the layer-by-layer fabrication process. a) Piranha-treated FTO glass; b) after P4VP-functionalization; c¢)
and d) AgNPs bonded to P4VP and TiO; layer deposited via ALD. TiO,-coated AgNPs are indistinguishable from
uncoated AgNPs by SEM. Scale bar in panel ‘a’ (200 nm) applies to all panels.

XPS was used to confirm the elemental composition of each layer of the electrode, as this
technique is well suited to target the top ~10 nm depth of a samples’ surface. An XPS survey scan
(Fig.3) confirmed the presence of Ag and Ti in the top two layers of the electrode. The spectra of

the AgNPs coated surface of the electrode revealed that tin, oxygen, carbon, and small amounts of
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nitrogen were present in the sample. The Ag 3d peak appeared after immersing the P4VP-
functionalized slides in the AgNP suspensions. The major XPS peaks for the TiO»-coated surface
include Ag 3d, Ti 2p and O 1s. Because 300 cycles of ALD-coated TiOz is only ~7.7 nm thick, the
spectrometer can still detect the Ag 3d signal, although it was weaker than in the absence of the

TiO; layer.
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Fig. 3 XPS survey spectrum of sample after ALD (300 cycles TiO,).

5 Results and Discussion

5.1 Performance of the random design in DSSCs
First, the energy conversion efficiency (1) was studied with respect to the concentration of
Ag/nTiO; present in Zr/nTi0; photoactive material (10 % Zr) of the DSSCs. The current density-

voltage (I-V) curves of the plasmonic random design DSSCs with 0.3, 0.6 and 0.9 wt.% of
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Ag/nTiOx concentration are shown in Fig.4. The inset lists the PV characteristics derived from the
I-V curves, including the open-circuit voltage (Voc), short-circuit current density (Isc), fill factor
(FF) and energy conversion efficiency.>

An enhancement of 18 % in energy conversion efficiency (n = 1.24 % — 1.46 %) was found by
doubling the Ag/nTiO; concentration (0.3 wt.% — 0.6 wt.%). Tripling the concentration to 0.9
wt.% resulted in another 9 % increase in efficiency (n = 1.57 %). Even though the AgNPs were
partly unprotected, doubling the Ag/nTiO: concentration increased the photocurrent, a sign of
increased carrier extraction. These results imply that the unprotected AgNPs surface in the
aggregates was low enough that the benefits from the LSPR outweighed the disadvantage from the
exposed AgNP surface acting as recombination sites for electrons.5%¢!

Tripling the Ag/nTiO2 concentration to 0.9 wt.% also showed an improvement in the Voc, but the
Isc began to fall. The higher Voc was expected, and reveals that the AgNPs were indeed acting
mainly via their LSPR field enhancement as light absorption boosters, generating more efficient
electron-hole separation. However, the lack of improvement in the Isc is an indication that the
extra charge carriers being created were not extracted efficiently into the external circuit, but rather
recombining or quenched, probably at exposed AgNP surfaces.®> At 0.9 wt.% Ag/nTiO», the
overall unprotected surface area of AgNPs in the photoactive material exceeded a critical value at
which undesired electron recombination compensates the advantageous plasmonic assistance.
Further enhancement of the Ag/nTiO2 concentration (I-V data not shown) led to a maximum in n
of 1.85 % (at 5 wt.%) but to a substantial drop from n=1.74 % (at 50 wt.%) to n=0.69 % (at 100
wt.%). Despite the increasing electron recombination at the unprotected AgNP surfaces, the
amount of AgNPs in the photoactive material could be enhanced to 50 wt.% of Ag/nTiO2,

translating to a AgNP content of 1.25 wt.% within the photoactive material, a value double as high
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as the AgNP content of Qi et al.2! The main difference of this DSSC system (besides the incomplete
shielding of the AgNPs from the electrolyte) to Qi’s devices is the presence of Zr in the nTiO2
crystals. The AgNPs are mainly dispersed and should raise the temperature in the photoactive
material moderately. However, with increasing AgNP concentration the probability of pairs or
larger clusters of AgNPs with small distances, and therefore higher temperature rises, becomes
enhanced. The Zr-doping substantially prevented the heat damage, that limited the energy

conversion efficiency, at least up to 50 wt.% of Ag/nTiO».
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Fig. 4 Current density—voltage curves for DSSCs fabricated with a matrix of 10 mol % Zr/nTiO; containing various
concentrations Ag/nTiO,. The inset shows the DSSC’s characteristics calculated from the I-V curves.

In Fig.5 the I-V curve and the PV data for a control sample fabricated with pure nTiO; as the
photoactive material are shown (dotted red line). The efficiency in energy conversion lies here, in
the non-plasmonic, non-Zr-doped case, at 1 = 3.50 %, which is substantially higher than in the

cases using Ag/nTiO> and Zr/nTiOz (10% Zr). This is important information. The non-perfect
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shielding of the AgNPs from the electrolyte has a destructive impact on n, despite the efficiency
stabilization by Zr. It is therefore necessary in the future to take advantage of both the LSPR and

the Zr-doping and apply fully protected AgNPs, e.g. as described by Qi et al.?!

in the form of Ag-
core/TiOz shell NPs.

After determining an “optimum” Ag/nTiO2 concentration, detailed effects of the Zr-doping, and
therefore, the thermal stabilization was tested. Fig.5 relates the efficiency of energy conversion of
4 different DSSCs, the classic and the random types, fabricated with pure nTiO; (control: classic
design, no plamonics), the Zr/nTiO; (5% Zr: classic design, no plasmonics,), the Ag/nTiO> in
nTiO2 (Ag/nTiOz: random design, plasmonic) as well as the Ag/nTiO2 in Zr/nTiOz (Zr/nTiO; +
Ag/nTiOz: random design, plasmonic). The Ag/nTiO> concentration was kept at 0.6 wt.% (the
“optimum”) in both DSSC types containing Ag/nTiO,. The Zr/nTiO: contained 5 mol % Zr.>
The energy conversion efficiency (Fig.5, inset) systematically increases from the control (n = 3.50
%), to Zr-doping (1 = 3.75 %),?? to applying Ag/nTiO2 (n = 4.38 %), and finally to n = 6.32 % by
applying both Ag/nTiO; and Zr/nTiOz, representing an overall increase of 81% in efficiency from
the control. Roughly half of this increase is obtained with the two plasmonic cases, by adding the
Zr-doped TiOz to Ag/nTiO». This significant enlargement of 1 is reflected by Isc values (Fig.5,
inset) which increase parallel to 1. An increase in energy conversion efficiency of 7% is found by
adding Zr as a thermo-stabilizer to the classic design.>?

Limiting the AgNP concentration to 0.6 wt.% Ag/nTiO> (which translates to 0.015 % Ag in the
entire photoactive material) should prevent too many AgNPs in close proximity to each other and,
therefore, higher temperature rises. However, the photoactive material is not homogeneous with

respect to the AgNP distribution as they are embedded within the aggregates of the Ag/nTiO».
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Therefore, some AgNPs, which are close to each other, will produce high temperatures. However,
these heat contribution is compensated by Zr-doping.

The FF values of the random design cells with plasmonics (blue) were lower than those of the
AgNP-free cells (red), an outcome which reflects a decreased charge transport within the cell. As
mentioned above, energy conversion efficiencies would have been even higher if the AgNPs’
surfaces in Ag/nTiO, would have not been exposed to the electrolyte during cell operation and

allowed still for some electron recombination at the “optimum” concentration.
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Fig. 5 The effect of Zr/nTiO; on Ag/nTiO; containing DSSCs. Measured [-V curves for the classic and random
designed DSSCs in comparison to a control sample (nTiO>). The inset shows the characteristic data calculated from
the I-V curves.
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5.2 Performance of blanket design in DSSCs

In Fig.6 current-voltage data of blanket design DSSCs containing AgNPs are compared to blanket
design DSSCs without AgNPs. In addition, two non-plasmonic devices, a control and a Zr-
containing classic DSSC are shown. The figure also stresses the influence on the performance
when Zr was incorporated into the photoactive layers of DSSCs provided with a AgNP layer. Note:
the Zr-concentration was fixed at 5 mol % Zr in the nTi0,.3?

First, the data demonstrate that both plasmonic DSSCs (blue) have a higher n than the non-
plasmonic devices (red). In addition, and as already discussed for the random design DSSCs,
doping the non-plasmonic devices with Zr enhanced the efficiency in energy conversion compared
to the control.

Moreover, the introduction of the AgNP layer resulted in an n-enhancement of 50 % (n = 3.50 %
— 5.25 %), and the addition of Zr/nTiO> further led to an additional - but very small - increase in
nto 5.27 %. The increase due to the pure AgNP layer in DSSCs containing Zr is similar to DSSCs
containing no Zr: an enhancement of 40 % was found (from 1 = 3.75 % — 5.27 %). The overall
n-enhancement from a control DSSC to the Zr-containing plasmonic device is 51 %.

The increase in the efficiency of energy conversion is directly correlated to an increase in
photocurrent (Fig.6 inset), which corresponds to an enhanced light absorption by the dye. The
AgNPs on the photo-anode in the blanket design served mainly as a layer of scattering centers to
divert the incoming photons and extend the optical path within the cell, thus enhancing the photon
interaction and the absorption cross-section within the photoactive cell layer compared to the
AgNP-free DSSCs. In short, the dye molecules were reached by photons more often, yet no dyes
molecules were located close to the AgNPs in the blanket cases. The addition of the Zr/nTiO,,

however, did not improve the cell efficiency substantially. The presence of Zr in the photoactive
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layer (bulk) had no positive effect on the high heat development expected for the relatively closely-

packed AgNPs in the AgNP layer, as the Zr/nTiO2 material was ‘too far away’, with the thickness

of the ALD TiO; layer separating them by at least ~ 7.7 nm. Therefore, thermo-stabilization only

occurred efficiently in the non-plasmonic part of the cell.
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Fig. 6 The effect of Zr and AgNP doping on the I-V curves of the blanket design DSSCs in comparison to a control
sample of nTiO,. The inset shows the characteristic data calculated from the I-V curves.

5.3 Comparison between designs

In the following, the performance of the photoactive cell layer designs, random and blanket, are

compared in detail to determine the important performance characteristics and design factors for

an optimized cell design when implementing Zr/nTiO; as thermo-stabilizers in plamonic DSSCs.

First, in contrast to the plasmonic random design cells, higher fill factor values were observed in
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the blanket design cells and in the non-plasmonic cells (Fig.4 and 6, insets). The lower FF values
(FF: indicator of electron transport within cells) for cells containing Ag/nTiO> is caused by
exposed AgNP surfaces, which acted as recombination centers for electrons, preventing them from
reaching the exterior circuit. This problem did not appear in the blanket design cells. Thus, it is
critical to incorporate AgNPs whose surfaces are completely shielded from contact with the
electrolyte.

Table 1 provides an overview of all cell designs with respect to Zr and AgNP incorporation.

Table 1. Energy conversion efficiencies with respect to cell design and material application.

Cell Types Control Zxr/nTiO2 AgNl;)cS()Snézining Aéggllt)a?:iigzgggic(zz
nTiO2 [mol %] 100 95 100 100 95 95
Zrx [mol %.] - 5 - - 5 5
Design classic classic random blanket random blanket
n [%] 3.50 3.75 4.38 5.25 6.32 5.27
An [%] 0 7 25 50 80 51

In the absence of AgNPs, the incorporation of Zr/nTiO2 improved the energy conversion efficiency
by 7 %. This had been found previously due to stabilization of the anatase crystal structure and an
increase in the surface area of the nTiO. material.>?> From the two AgNP-containing cell
architectures, the blanket design achieved the higher efficiency (n = 5.25 %) if Zr/nTiO; was
absent. However, this does not contribute to better cell design as the AgNP’ surfaces in the
Ag/nTiO> material are partially exposed to electrolyte, and therefore, causes the random design to
suffer from increased electron recombination. Despite of this shortcoming of the Ag/nTiO»

material (which can be easily overcome by core-shell AgNPs?!), the performance of the random
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design cell surpassed that of the blanket design cell when Zr/nTiO; was used as the photoactive
layer. Energy conversion efficiencies of 1 =4.38 % and n = 6.32 % were achieved by the random
design cells and can be improved substantially by a proper AgNP coating strategy.®* Nonetheless,
a clear improvement in efficiency is seen with the inclusion of Zr/nTiO,, indicating that the
addition of Zr helped to provide enhanced thermal stability. The inclusion of Zr in the blanket cell
design did not increase 1 considerably (see discussion above).

The ability of Zr/nTiO; to thermo-stabilization is only functioning when the AgNPs are dispersed
throughout the photoactive Zr/nTiO> matrix, as it is given in the random design. However, only
small to medium concentrations are desired for well functional cells, as the plasmonic thermal
behavior creates minor to severe threats with respect to the collapse of the nTiO2 matrix, which -
in turn — reduces the surface area, and consequently the photo-absorption capabilities of the cell.
Zr exhibited thermo-stabilization in both AgNP-containing cell designs, but was more effective in
the random design. The drawback of the blanket design is that the enhanced local field from the
LSPR only enhanced charge separation for a very limited number of dye molecules located very
close to the AgNPs below the ‘blanket’, finally leading to only a limited photocurrent
enhancement. The enhanced photocurrent observed in the blanket design cells can thus, in contrast
to the control, be mainly attributed to plasmonic scattering (where AgNPs acted as scattering
centers), enhancing the interaction of the incoming light with the photoactive layer and the dye
molecules. Therefore, the random design is the superior cell design for incorporating AgNPs in

combination with Zr/nTiO2 photoactive material in DSSCs.
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6 Conclusions

The use of Zr/nTiO; as a thermo-stabilizing material in the photoactive layer of DSSCs was
investigated for stabilizing nTiO2 when jeopardized by the plasmonic heat generation created from
the presence of AgNPs, whose purpose served to enhance the energy conversion efficiency of the
cells. In both cell architectures, the AgNPs were used as field enhancers and scattering centers to
more efficiently excite the dye molecules.

The results showed that Zr exhibited thermo-stabilizing properties in both plasmonic cell
architectures. The random design, consisting of AgNPs dispersed throughout the photoactive
layer, demonstrated superior performance over the blanket design in the presence of Zr/nTiOs.
Both the photocurrent and fill factor were significantly enhanced, and an energy conversion
efficiency increase of 44 % was observed in the random design when incorporating Zr into the
nTiO; photoactive matrix. The DSSC’s performance can be additionally enhanced via an
appropriate coating to avoid electron recombination. This should also lead to individual AgNPs,
which can be easier and more evenly dispersed throughout the photoactive layer than the
aggregated Ag/nTiO> material. Zr did not play a significant role in improving the energy
conversion efficiency of blanket design DSSCs, as its thermo-stabilizing benefits was limited in
this architecture.

It can therefore be concluded that the random design is the better cell design for a combined
incorporation of AgNPs and Zr/nTiO; in DSSCs. It also can be concluded that the random design
is the overall best alternative for LSPR-enhanced DSSCs. This design allows both plasmonic
features, the scattering and the field enhancement, can both contribute most optimally to the energy

conversion efficiency. Therefore, it is important to investigate the threshold concentration of
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AgNPs in a Zr-doped TiO2 matrix at which the enhancing plasmonic features are overtaken by
disadvantages from too many AgNPs.

Zr’s thermo-stabilizing effect in plasmon-enhanced DSSCs can lead to new solar cell designs with
smaller semiconductor thicknesses, and thus lower material costs and quicker investment

amortization.
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FIGURE CAPTIONS

Fig. Schemes of the three DSSC designs. Left: non-plasmonic AgNP-free nTiO2 or Zr/nTiO:
matrix (classic), middle: plasmonic Ag/nTiO, aggregate (random) within a nTiO> or
Zr/mTiO2 matrix, and right: plasmonic pure AgNPs as a layer close to the photo anode

(coated with a covering blanket of TiO2) on a nTiO; or Zr/nTiO2 matrix.

Fig.2 Scheme of the layer system of the blanket design photo-anode and the corresponding SEM
images taken throughout the layer-by-layer fabrication process. a) Piranha-treated FTO
glass; b) after P4VP-functionalization; c¢) and d) AgNPs bonded to P4VP and TiO» layer
deposited via ALD. TiO;-coated AgNPs are indistinguishable from uncoated AgNPs by

SEM. Scale bar in panel ‘a’ (200 nm) applies to all panels.

Fig.3 XPS survey spectrum of sample after ALD (300 cycles TiO»).

Fig.4 Current density—voltage curves for DSSCs fabricated with a matrix of 10 mol % Zr/nTiO2
containing various concentrations Ag/nTiOz. The inset shows the DSSC’s characteristics

calculated from the I-V curves.

Fig.5 The effect of Zr/nTiO2 on Ag/nTiO> containing DSSCs. Measured I-V curves for the classic

and random designed DSSCs in comparison to a control sample (nTiO2). The inset shows

the characteristic data calculated from the I-V curves.
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Fig.6 The effect of Zr and AgNP doping on the I-V curves of the blanket design DSSCs in
comparison to a control sample of nTiO. The inset shows the characteristic data calculated

from the I-V curves.
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