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ABSTRACT: The incorporation of plasmonic nanostructures in active electrodes
has become one of the most attractive ways to enhance the photoconversion
efficiency (PCE) of dye-sensitized solar cells (DSSCs). Although an enhancement
of PCE because of the incorporation of plasmonic nanostructures of different
sizes, either bare or coated, has been demonstrated, the fundamental mechanisms
associated to such enhancement are still unclear. Besides, the photocurrent
enhancement of plasmonic DSSCs is frequently associated to the strong surface
plasmon resonance (SPR) absorption of metal nanoparticles. In this work, through
oxygen K-edge soft X-ray absorption and emission spectroscopies of plasmonic
electrodes and electrodynamical characterization of the fabricated cells, we
demonstrate a band gap narrowing and photocharging effect on the plasmonic
electrodes that definitely contribute to the PCE enhancement in plasmonic
DSSCs. The incorporation of bare metal nanoparticles in active metal—oxide
semiconductor electrodes such as TiO, in optimum concentration causes an
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upward shift of its valence band edge, reducing its effective band gap energy and enhancing the short-circuit current of DSSCs.
On the other hand, small perturbation-based stepped light-induced transient measurements of photovoltage and photocurrent
of the operating DSSCs revealed an upward shift of quasi-Fermi level of photoelectrodes because of the photocharging effect
induced by the incorporated metal nanoparticles. The upward shift of the quasi-Fermi level causes an increase in open-circuit
voltage (Voc), nullifying the effect of band gap reduction. The short-circuit photocurrent enhancement was controlled by the
band gap narrowing, screening the SPR contribution. The results presented in this work not only clarify the contribution of SPR
absorption in plasmonic DSSCs, but also highlight the importance of considering the corrections in the effective base voltage
because of the quasi-Fermi level band shift during the estimation of the transport and recombination parameters of an

assembled DSSC.

KEYWORDS: light conversion, gold-incorporated electrodes, photocharging, band gap narrowing,
synchrotron-based X-ray spectroscopies, electrodynamical characterization

1. INTRODUCTION

Dye-sensitized solar cells (DSSCs)' present an attractive
alternative to traditional inorganic thin-film-based photovoltaic
devices because of their simpler manufacturing process and
utilization of low purity components. The performance of
DSSCs is established by the combination of good visible-light
harvesting, efficient charge separation, faster charge transport,
and slow recombination. Such a combination is achieved in an
electrochemical system by introducing a high ion-conducting
electrolyte into the electron-conducting material which serves
as the electrode. In DSSCs, the electron-conducting material is
conventionally a mesoporous oxide semiconductor such as
TiO, or ZnO, whereas the ion-conducting electrolyte is
generally an iodide/triiodide redox couple.” Efficient light
harvesting in the visible range is achieved by adsorbing a
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suitable dye at the semiconductor surface. In DSSCs, light
absorption (by the dye molecules) and electron transport (in
the semiconductor oxide) processes do not take place in the
same material, contrary to the single crystal solar cells. This
offers the advantage of using different semiconductor
nanostructures (like nanoparticles, core—shell, and one-/
three-dimensional nanostructures) to increase the effective
surface area of the electrodes for dye adsorption, reduce charge
recombination, and improve charge transport.3"4 Moreover, it
allows the incorporation of new materials in the electrodes to
improve their light absorption efficiencies. For example,
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different dyes’™” and quantum dots®’ have been tested to
improve the photocollection efficiency of DSSCs. One of the
most substantial improvements made in thin-film solar cells in
recent times is through the incorporation of plasmonic
nanostructures (typically silver or gold nanoparticles), which
enhances the photoabsorption capacity and reduces the
physical thickness of the absorber layers."” For DSSCs, the
incorporation of such plasmonic nanostructures enhances the
light absorption cross section of the dye molecules and induces
the photocharging effect.'’ The plasmonic nanostructures of
different geometries/morphologies have been tested for the
enhancement of DSSC efficiency, exploiting the localized
surface plasmon resonance (SPR) characteristic of the noble
metal nanostructures.'*”"” However, there exists no report in
the literature on how the incorporation of metal nanostruc-
tures affects the electronic structure of the DSSC photo-
electrodes. Moreover, the contribution of the photocharging
effect, especially in the analysis of the transport and
recombination parameters of DSSCs because of the incorpo-
ration of uncapped metallic nanostructures has not been
appropriately studied. Although metals such as Pt in DSSC
counter electrodes quickly discharge electrons to the
surrounding medium, the incorporated metal nanoparticles
(e.g, Ag and Au) in active electrodes store a fraction of the
electrons captured from the photoexcited semiconductor
nanoparticles.””*' The stored electrons, whose density
depends on the size of metal nanoparticles, experience charge
equilibration with the photoexcited semiconductor and shift
their quasi-Fermi level to more negative potentials. For
example, Fermi level shifts (and hence their corresponding
photovoltages) around 20 and 60 meV have been observed
when TiO, films were coupled with bare gold nanoparticles of
8 and 3 nm, respectively.”’ To distinguish the plasmonic
contribution from the photocharging effect, Choi et al.''
covered Au nanoparticles (~5 nm) with thin (~1 nm thick)
layers of SiO, and TiO, and tracked their influence on DSSCs.
They concluded: (i) the SiO, isolating layer acts as a barrier,
which prevents electron charging of the metal core,
consequently exhibiting only surface plasmon effects and (ii)
a TiO, semiconducting layer allows electron transfer to the Au
core, providing electron charging of the core. Additionally, it is
also believed that the capping layer prevents the problems
associated with the recombination and back reaction of the
photogenerated carriers in DSSCs.">**”*” The highest
efficiency improvements were achieved with 5—50 nm Au
nanoparticles, although the contributions of the plasmonic,
photocharging, and light scattering effects were seen to be
different for the nanoparticles of different sizes.”” However, to
the best of our knowledge, there exist no information in the
literature on how the incorporation of bare noble metal
nanoparticles in the semiconducting active electrode of a
DSSC alters its electronic states, affecting its light absorption
capacity and hence the performance of the DSSC.
Synchrotron-based X-ray spectroscopies are invaluable
element-specific tools to investigate the electronic structure
of materials. Among them, soft X-ray absorption spectroscopy
(XAS) and normal X-ray emission spectroscopy (NXES) are
becoming increasingly important in researches related to
energy materials. The inherent chemical and orbital selectivity
[granted through the electric dipolar selection rules (Al = 1)]
of core-level X-ray spectroscopy allows a direct probe of
element-specific unoccupied and occupied electronic
states.”®*” For example, the XAS and NXES spectra at the

oxygen K-edge reflect (through the 1s—2p electronic
transitions) the conduction and valence bands with the oxygen
2p character, respectively. In other words, they mirror the
partial density of states of oxygen 2p of a material.””*

In a previous publication,31 we demonstrated a deterioration
of the photovoltaic performance of DSSCs on the incorpo-
ration of bare Au nanoparticles at the top of the TiO,
electrodes. The photovoltaic performance of DSSCs deterio-
rates with the increase in Au content. On the other hand, the
common perception that bare Au nanoparticles act as
recombination or back reaction centers does not fully explain
the observed photovoltaic behaviors of the plasmonic DSSCs.
In the present study, monodispersed bare Au nanoparticles of
~27 nm average size were incorporated into mesoporous TiO,
photoanodes in different concentrations to elucidate which of
the earlier mentioned effects (plasmonic, photocharging,
carrier recombination) have significant contribution in the
performance of DSSCs upon the incorporation of plasmonic
nanoparticles. The introduction of an optimum concentration
of Au nanoparticles in the photoanode is seen to improve the
short-circuit photocurrent, open-circuit voltage, and fill factor,
leading to an overall increase in the photovoltaic performance
of the fabricated DSSCs. The stepped light-induced transient
measurements (SLITM) of photovoltage and photocurrent
were utilized to determine the contribution of Au nanoparticle
incorporation (in the photoelectrodes) to the electron lifetime
and photocharging (Fermi-level shift) of the assembled
devices. Photoelectrodes of ~2.5 um thickness were utilized
for fabricating devices to minimize the loss of photoinjected
charge carriers because of their recombination at the Au—
electrolyte interface. Synchrotron-based oxygen K-edge XAS
and NXES were utilized to investigate the relative energy
positions of the conduction and valence bands of TiO,
photoanodes fabricated with and without Au nanoparticles,
respectively. The obtained results indicate that the enhanced
performance of the DSSCs fabricated by incorporating bare Au
nanoparticles in optimum concentration is due to an increase
in both the short-circuit photocurrent and the open-circuit
voltage. The increase in the short-circuit photocurrent is
attributed to the reduction in the effective band gap of the
TiO, electrodes, as observed by the external quantum
efficiency (EQE) measurements and oxygen K-edge X-ray
experiments. On the other hand, the increase of open-circuit
voltage is associated to a shift of the quasi-Fermi level of TiO,
photoelectrodes because of the incorporation of Au nano-
particles (photocharging effect).

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Gold(III) chloride (HAuCl,-H,0,
99.999%), sodium borohydride (NaBH,, 99.99%), L-ascorbic acid
(AA, > 99%), cetyltrimethylammonium chloride solution (CTAC, 25
wt % in H,0), methyl ether thiol (mPEG-t, av M,, = 6000), and
absolute ethanol (>99%) used for the synthesis of gold nanoparticles
were purchased from Sigma-Aldrich, Mexico. TiO, paste (18NR-T)
and Z907 dye were purchased from Dyesol.

2.2. Synthesis of Au Nanoparticles. Spherical Au nanoparticles
of ~27 nm average size were synthesized by seed-mediated growth,
following the procedure reported in our previous work.>> In brief,
first, Au clusters were prepared by adding 50 uL of Au-ion solution
(100 mM) in S mL of aqueous CTAC solution (100 mM), followed
by the addition of 200 uL of NaBH, solution (20 mM) under
magnetic agitation (for S min). This cluster solution was utilized to
fabricate Au seeds of about 10 nm size. For this, first, 2.25 mL of the
AA solution (100 mM) was added into a 500 mL CTAC solution
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(100 mM) and homogenized under magnetic agitation for S min.
Then, S mL of the previously prepared cluster solution was added to
it. Under vigorous magnetic agitation, a 12.5 mL of Au-ion solution
(10 mM) was slowly added to the mixture. This seed solution
containing Au nanoparticles of about 10 nm average size was used to
fabricate bigger (~27 nm av size) Au particles. For this, about 3.25
mL of the AA solution (100 mM) was added to a 500 mL of CTAC
solution (100 mM) under magnetic agitation. Then, 30 mL of the
previously prepared Au seed solution was added to it. To this mixture,
about 18.5 mL of Au-ion solution (10 mM) was added very slowly
(~0.5 mL/min) under mild agitation. The addition of Au-ion solution
was stopped when the reaction solution turned transparent and its
color changed from dark gray to red. Keeping the resulting colloidal
solution under agitation for a further 30 min, the formed Au particles
were separated by centrifugation (10000 rpm, 20 min) and
redispersed in a fresh CTAC solution of 10 mM.

For transferring the formed Au nanoparticles into ethanol, they
were separated again by centrifugation and redispersed again in
CTAC solution (10 mM) containing mPEG-t (20 mM). After 24 h,
the nanoparticles were separated by centrifugation and redispersed in
1S mL of absolute ethanol. The final gold concentration in the
ethanol solution was estimated to be about 2.46 mg/mL.

2.3. Device Fabrication. Diluted TiO, pastes were prepared by
mixing 0.5 g of Dysol TiO, paste (18NR-T) and 2 mL of anhydrous
ethanol (with and without Au nanoparticles). For the case of Au-
incorporated TiO, pastes, x mL (with x = 0, 0.5, 1.0, and 2.0 mL) of
the ethanolic Au colloidal solution, containing Au nanoparticles of
~27 nm average size [estimated through dynamic light scattering
(DLS, Malvern), Figure la ], was used. Then, the diluted pastes were
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Figure 1. (a) DLS size distribution of fabricated colloidal Au
nanoparticles showing a maximum around 26.56 nm, with the
standard deviation of +9.71 nm. (b) Typical SEM image of an Au
nanoparticle-incorporated TiO, film (after sintering). The spherical
brighter spots in the image (encircled) correspond to the Au
nanoparticles.

reduced to one-third of their original volume under stirring at 70 °C
over a hotplate. The TiO, films of about 0.25 cm?® area with and
without Au nanoparticles were fabricated by depositing the
corresponding pastes onto transparent conducting oxide (TCO)-
coated glass substrates (F-doped SnO,; 10 €/sq) through screen
printing. After air-drying, the deposited layers were sintered in air at

500 °C for 1 h. The average thickness of the fabricated nanocrystalline
TiO, layers was about 2.5 um (measured by a Dektak II
profilometer). The presence of spherical-shaped Au nanoparticles in
the TiO, films was confirmed by scanning electron microscopy (SEM,
JEOL-JEM 211F, operating at 200 keV; Figure 1b). While cooling, the
films were taken out of the annealing furnace at 80—100 °C and
immersed in a solution of acetonitrile/tert-butyl alcohol (1:1, v/v)
containing 0.3 mM Z907 dye for 16 h. A Shimadzu, UV-3101PC
double-beam UV—vis—NIR spectrophotometer was used to record
the absorption spectra of the TiO, films fabricated with and without
Au nanoparticles before and after dye loading (Figure 2). The
semitransparent counter electrodes were prepared by spreading two
drops of S mM H,PtCly solution in 2-propanol over the TCO
substrates and their subsequent firing at 450 °C for 1 h. The electrode
(TiO, film with and without Au) and the Pt-covered counter
electrode were then sandwiched together using a 25 pm thick
thermoplastic (Surlyn, Dupont grade 1702). After introducing the
electrolyte solution into the sandwiched electrodes, the predrilled
holes of the counter electrode were sealed using small pieces of
corning glass and thermoplastic. The electrolyte used in the DSSCs
contained 0.6 M 1-butyl-3-methylimidazolium iodide and 0.03 M
iodine in acetonitrile/valeronitrile (85:15, v/v %).

2.4. Device Characterization. The fabricated devices were
characterized at room temperature using a setup consisting of a 450
W ozone-free Xe lamp (LOT-Oriel) with a water filter. The setup was
calibrated to an irradiance of 100 mW cm ™ at an equivalent air mass
AM 1.5G on the surface of the solar cell; the intensity was calibrated
using a certified 4 cm? monocrystalline silicon reference cell with an
incorporated KG-S$ filter. No mask was used during the photovoltaic
characterization of the DSSCs. The quantum efficiency measurements
were performed on the DSSCs with and without Au nanoparticles in a
Newport quantum efficiency measurement system (QEPVSI-B)
equipped with a bias light amplifier.

The SLITM of photovoltage and photocurrent were used to
estimate the electron lifetime, transport time, and charge density of
the fabricated DSSCs.*"** The DSSCs were probed with a stepped
modulated laser or an LED beam of 630 nm wavelength (probe)
superimposed on a relatively large background (bias) illumination,
also with a 630 nm beam. The probe and the bias laser lights entered
the cells through the electrode side (TCO substrate of TCO + TiO,).
The photovoltage decay because of the probe light was recorded
(using a DPO70404 Tektronix oscilloscope) and used to fit a single
exponential decay with an exponent —t/7, where 7 is the fitting
parameter, termed as electron lifetime. A similar procedure was
followed to estimate the electron transport time. However, in this
case, the measurements were performed under a short-circuit
condition while recording the photocurrent transient.>"**** To
obtain the statistical variations of the obtained time constants
(transport and recombination), each time constant was measured and
fitted at least five times (using a DPO70404 Tektronix oscilloscope).
The photovoltage/photocurrent measurements at the associated
biases were also recorded. The steady-state photoinjected electron
density in the TiO, films was estimated from the relation n = T,Jsc7/
(qd(1 — P)),* where T, is the thermodynamic factor,’®*” Jsc is the
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Figure 2. Absorption spectra of the TiO, films (all of ~2.5 ym thickness) with and without Au nanoparticles (~27 nm): (a) before and (b) after

dye (Z907) loading.

31376

DOI: 10.1021/acsami.8b10063
ACS Appl. Mater. Interfaces 2018, 10, 31374—31383


http://dx.doi.org/10.1021/acsami.8b10063

ACS Applied Materials & Interfaces

Research Article

—e—TiO, no Au

a) —e—TiO, with 1.5% Aul
2
2

N
L

—e—TiO, with 3% Au
—=—TiO, with 6% Au

o

) . .
——TiO, no Au (Jy, = 1 mA cm?)

b) ——TiO, with 1.5% Au (Jg, = 1.3 mA cm”)
——TiO, with 3% Au (J, = 1.4 mA cm™)
——TiO, with 6% Au (Jg, = 1.1 mA cm”®)

w
o

N
[¢)]
L

N
o
L

-
(¢, o
L !

04

Photocurrent density (mA cm™)

02 04 06 08
Voltage (V)

°
o

External quantum efficiency (%)
o

200 400 600 800
Wavelength (nm)

Figure 3. (a) Current density vs voltage plots for the representative devices showing an improvement in photovoltaic performance. (b) EQE for the
representative devices showing an improvement in the photocurrent because of the incorporation of Au nanoparticles into the TiO, electrode. The

Jsc values calculated at AM 1.5 solar irradiation are also included.

Table 1. Summary of Photovoltaic Parameters for the Devices Fabricated With and Without Au Nanoparticles”

Au wt % Jsc (mA cm™) Voc (V) FF P,... (mW cm™)
0 1.380 + 0.260 0.653 + 0.047 0.556 + 0.021 0.509 + 0.107
1.5 1.544 + 0.274 0.753 + 0.023 0.591 + 0.022 0.690 + 0.152
3 1.835 + 0.107 0.763 + 0.015 0.599 + 0.003 0.839 + 0.036
6 1.355 + 0.211 0.708 + 0.028 0.581 + 0.014 0.558 + 0.096

“The values of each parameter were estimated from the average of at least four samples.

short-circuit photocurrent density established by the bias light, P is
the film porosity (P = 0.6), q is the absolute value of the electron
charge, 7 is the electron transport time for electron density at short
circuit or the lifetime for electron charge density at open-circuit
conditions. The thermodynamic factor,>*>” @, which is related to the
steepness of the trap distribution or the average trap depth and related
to temperature by a™' = T,/T, where T, is the characteristic
temperature, was assumed to be constant for all the samples. Neutral
density filters were used to vary the intensity of illumination, to
generate a plot of electron lifetime, transport time, and charge density
as the function of photovoltage. The plots of charge density as the
function of photovoltage were used to compare (after band shift
corrections) the lifetimes and transport times of the TiO, electrodes
(with and without Au) at the same quasi-Fermi level. The open-circuit
voltage and short-circuit current were recorded for each illumination
intensity.

2.5. XAS and NXES Measurements. XAS and NXES measure-
ments were performed in the high-efficiency iRIXS endstation at
beamline 8.0.1 of the Advanced Light Source at Lawrence Berkeley
National Laboratory.* Its spherical grating monochromator delivers
10'* photons/second with linear polarization, with a resolving power
up to 6000.*” The oxygen K-edge XAS measurements were collected
at room temperature in the total fluorescence yield (TFY) mode, with
the probe depth of 100 nm. All spectra have been normalized to the
photon flux recorded by a clean gold mesh in the upper stream of the
experimental chamber. The oxygen K-edge NXES spectra were
collected through the high-transmission X-ray spectrometer, with the
excitation energy of 580 eV. The resolving power is better than 1500
for the XAS experiments.

3. RESULTS AND DISCUSSION

Figure 1 shows the DLS-estimated size distribution of the
fabricated Au nanoparticles (Figure 1a) and a typical SEM
image of the Au nanoparticles incorporated into the TiO, film
(Figure 1b) after sintering in air at 500 °C for 1 h. As can be
noticed in Figure 1, the average hydrodynamic diameter of the
fabricated Au nanoparticles is around 27 nm, whereas their
average size estimated from the SEM image is around 32 nm.
As can be noticed from the SEM image (Figure 1b), there is no
agglomeration of Au nanoparticles or change in their spherical
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shape after the sintering of the electrodes prepared with
different Au contents of Au nanoparticles (Figure S1).

To study the effect of the incorporation of metallic
nanoparticles on the photovoltaic performance of DSSC
electrodes, we used a DSSC with no Au nanoparticles as
reference and DSSCs containing different amounts of Au
nanoparticles (around 1.5, 3, and 6 wt % of TiO, powder).
Figure 2 shows the absorption spectra of the representative
TiO, electrodes (~2.5 um thick) with and without Au
nanoparticles before (Figure 2a) and after (Figure 2b) the dye
(Z907) loading. As can be noticed, an absorption band peaked
around 560 nm (for all the curves in Figure 2a) appears when
Au is incorporated into the TiO, matrix. The band
corresponds to the SPR of Au nanoparticles. After sensitiza-
tion, the overall intensity of the absorption band for both types
of films (with and without Au nanoparticles) increased
noticeably. However, a gradual increase in absorption band
intensity can be observed with the increase of Au content in
the sensitized films containing Au nanoparticles, indicating an
overall increase of light harvesting, which, in assembled
devices, could be transformed to a higher photovoltaic
performance (efficiency). The absorption maximum of the
TiO, films containing Au nanoparticles after their sensitization
remain in between the absorption maximum of the Z907 dye
(around 520 nm) and the SPR position (~560 nm) of Au
nanoparticles, gradually shifting toward the latter with the
increase of the Au nanoparticle content.

As mentioned before, thin photoelectrodes (~2.5 ym) were
utilized for fabricating the devices to minimize the loss of
photoinjected charges because of their recombination at the
Au—electrolyte interface (see Figure S2, Supporting Informa-
tion). As can be seen in Figure S2 (Supporting Information),
under continuous illumination, the Vyc of the devices
fabricated with thicker electrodes [~12 pm, around the
optimum thickness for the highest photoconversion efficiency
(PCE)] containing Au nanoparticles takes more than 60 min
to get stabilized (steady state). This makes the small
perturbation technique almost impossible to apply, as it can
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be applied only when the V¢ under fixed illumination reaches
a steady state. Although the effect also occurs for the devices
fabricated with thinner electrodes (containing Au nano-
particles), the V¢ under illumination stabilizes rather quickly.
In DSSCs with thin plasmonic photoelectrodes (~2.5 ym), the
Voc reaches its steady state within about 4 min of illumination
(Figure S2, in the Supporting Information).

Figure 3 shows the current density (Jsc) versus voltage and
EQE plots for the representative devices fabricated with and
without Au nanoparticles in the TiO, electrodes. As can be
noticed in the current density versus voltage curves, shown in
Figure 3a, the photovoltaic performance of the cells fabricated
with TiO, electrodes increased noticeably with the incorpo-
ration of Au nanoparticles. The efficiency of the plasmonic
DSSCs is maximum when the photoelectrodes contain Au
nanoparticles in the 1.5—3.0 wt % (within experimental errors)
range. In Table 1, we compare the averaged photovoltaic
parameters of a set of four similar samples corresponding to
each system, that is, cells without and with Au nanoparticles. In
general, increases in the short-circuit photocurrent (J5¢), open-
circuit voltage (Voc), and fill factor (FF) on Au incorporation
were observed for most of the Au-incorporated DSSCs,
reaching an overall conversion efficiency maximum for the
sample containing 3% of Au. To be more specific, Jsc and Ve
increased by around 33% (0.455 mA cm™?) and 17% (110
mV), respectively, and the FF increased by around 7%. The
overall increase in the maximum power conversion (P,,,) for
this particular Au content was around 64%. As can be noticed
from Figure 3b, the increase in the EQE response (with respect
to the reference) of the cells is not linear with the increase of
Au content in the photoelectrode. Figure 3b also shows the Js¢
values obtained from the integration of EQE over the AM 1.5
G solar irradiation spectra. Although all the values of Jsc
calculated from the EQE spectra do not match with the ones
obtained from the J—V curves, they follow the same trend
(Table 1 and Figure 3b). Another important thing to be
noticed in Figure 3b is the variation of band gap energy of
TiO, because of the Au nanoparticle incorporation. As has
been elaborated by Helmers et al,,*" the band gap of the TiO,
film electrodes must remain in between the wavelengths of 330
and 350 nm. On Au nanoparticle incorporation, although a
decrease in the band gap of TiO, (with respect to the
reference) is expected, the observed decrease (higher wave-
length shift of absorption edge, Figure 3b) is not linear with
the increase of Au content in the photoelectrodes. In fact, the
highest decrease of band gap is observed for the TiO,
electrode containing 3 wt % Au. Apparently, the light
absorption capacity of the photoelectrodes (on the overall
range) increases until 3 wt % of Au and thereafter decreases
returning to its original value (Figure 3b). Although a variation
in band gap energy can occur because of the shift of the
conduction/valence band of a semiconductor in direct contact
with a metal, as observed for ZnO with incorporated Au
nanoparticles,41 the phenomenon and its effect on the
photovoltaic parameters for DSCCs have not been studied.
Although the increase in Jg¢ in plasmonic DSSCs is frequently
associated to the SPR of Au nanoparticles, which is believed to
increase the light-harvesting efficiency of the sensitized
electrodes,"”™"? an increase in the absorption of visible light
because of the reduction of the band gap in TiO, electrodes
upon the incorporation of Au nanoparticles has not been
considered before. To determine the extent of band gap
reduction in TiO, electrodes because of the Au nanoparticle

incorporation, we utilized a combination of NXES and XAS at
the oxygen K-edge, as discussed in the later sections.

On the other hand, the increase in V¢ could be adjudicated
to the photocharging effect of the metallic nanoparticles. This
effect is normally observed on small metallic particles (3—8
nm) that shift the quasi-Fermi level of TiO, to more negative
potentials.'"”" However, highest efficiency improvements in
plasmonic DSSCs have been achieved using Au nanoparticles
of 5—50 nm sizes and ascribed to different mechanisms.”’
Therefore, understanding these involved mechanisms is of
great scientific interest. In fact, the mechanism involved in the
increase of V¢ in plasmonic DSSCs has not been studied in
detail for uncapped metallic nanoparticles as large as ~27 nm.
To give it a try, Choi et al.'" utilized small Au nanoparticles
(around S nm) capped with thin isolating (SiO,) and
semiconducting (TiO,) layers (~1 nm thick) to separate the
SPR and photocharging effects of Au nanoparticles in DSSCs.
As has been mentioned in the Introduction section, it is
believed that capping metallic nanoparticles with an insulating
or semiconducting layer prevents the photogenerated electrons
to recombine across the metal—electrolyte and metal—dye
interfaces.'”***” To elucidate whether bare Au nanoparticles
of around 27 nm diameter contribute positively to the V¢ by
the photocharging effect and limit the photovoltaic perform-
ance of DSSCs by increasing the recombination rate, we
performed electrodynamic characterizations on DSSCs fab-
ricated with and without Au nanoparticles. The open-circuit
voltage versus electron charge density plots are normally used
to determine any movements of the quasi-Fermi level [or
conduction band edge (CBE)] of the TiO, electrode in
DSSCs.*” This is accomplished by knowing that the photo-
generated charge density is solely determined by the difference
between the CBE and the electron quasi-Fermi level under
illumination. For example, at a fixed charge density, a higher
Voc indicates an upward shift of the quasi-Fermi level
Likewise, at a fixed charge density, a lower Vi indicates a
downward shift of the quasi-Fermi level."” As the quasi-Fermi
level of the redox couple is traditionally assumed to be
unchanged, at a fixed charge density, any movement of the
quasi-Fermi level of the TiO, electrode can also be interpreted
as a movement (in the same direction) of the CBE.

Figure 4 shows the open-circuit voltage versus electron
charge density plots for representative cells fabricated with and
without Au nanoparticles, where the cell with no Au is

$10" . . : :
TiO, no Au

2
TiO, with 1.5% Au
TiO, with 3% Au
TiO, with 6% Au

1017_ ()

Electron charge density (cm

0.1 02 03 04 05 06
Open circuit voltage (V)

Figure 4. Open-circuit voltage vs electron charge density plots for
representative cells fabricated with and without Au nanoparticles. The
lines correspond to the best fit of the experimental data to a
semilogarithmic function log(electron charge density)—Vo.
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considered as the reference. As can be observed, the
incorporation of Au nanoparticles in the TiO, matrix leads
to an upward shift of the TiO, quasi-Fermi level, in agreement
with previously reported observations made for larger Au
nanoparticles (in the DSSC electrodes).** The upward shifts of
the quasi-Fermi level were estimated to be around 108 meV for
the electrodes containing 1.5 and 3.0 wt % of Au and about 42
meV for the electrodes containing 6.0 wt % of Au. Although
these shifts did not reveal any linear correlation with the Au
content in the electrodes, the V. of the fabricated devices
increased in a similar fashion. The V¢ of the cells increased by
100, 110, and 55 mV with respect to the reference cell for the
electrodes containing 1.5, 3.0, and 6.0 wt % of Au, respectively
(see Table 1 and Figure 4). The observed difference between
the increase in V¢ and the upward shift of the quasi-Fermi
level might be due to the fluctuation in the measured V¢
values or due to an increase in the electron lifetime. As has
been mentioned earlier, an upward shift of the TiO, quasi-
Fermi level is normally adjudicated to a charging effect because
of the Au nanoparticle incorporation.

Although the observed increases of Jsc and V¢ in DSSCs
fabricated with Au nanoparticles could be generally explained
through the effective reduction of band gap energy and upward
shift of quasi-Fermi level in TiO, electrodes, a direct evidence
of the band gap reduction is needed. Despite the currently
ongoing debate on the direct or indirect nature of the band gap
of TiO, in the anatase phase, the electronic band structure of
TiO, is well understood in the sense that its band gap is
between the occupied oxygen 2p and the unoccupied titanium
3d states.”* However, because of the strong oxygen (ligand)
2p—titanium 3d hybridization, it is possible to energetically
align the occupied and unoccupied oxygen 2p (ligand) states
with the corresponding titanium 3d states as observed,
respectively, by oxygen (ligand) K-edge and titanium (L,
edges) NXES (occupied states)”® and XAS (unoccupied
states).”” Therefore, the combination of the oxygen K-edge
NXES and XAS spectra allows a direct estimation of the band
gap from the oxygen 2p perspective. In fact, the estimation of
the band gap of TiO, (and other oxides) by the combination
of oxygen K-edge XAS and NXES is nowadays well-
established.**®

In Figure S, we present the oxygen K-edge NXES (left) and
XAS (right) spectra for the TiO, reference and the Au-
containing films plotted on a common energy scale. For clarity,
we only present an expanded view around the leading edges of
both the oxygen K-edge NXES (left) and XAS (right) spectra,
with the full-range spectra plotted in Figure S3 (Supporting
Information). The XAS spectra were acquired in the TFY
mode with a probe depth of about 100 nm. We observed that
the unoccupied oxygen 2p states barely move in energy upon
Au inclusion. This can be verified by noticing that the leading
edges of the XAS spectra almost fully overlapped (although
there are subtle variations; see Figure SS in the Supporting
Information). On the other hand, the occupied oxygen 2p
states (NXES spectra in Figure S) clearly shift to higher
photon energies upon Au incorporation into the nano-
structured TiO, matrix (see Figure S4 in the Supporting
Information). We can see that the maximum shift to higher
energies in the oxygen K-edge NXES spectra (~200 meV) is
reached for the film containing 1.5 wt % Au. The energy shift
for the film containing 3 wt % Au is essentially the same as that
for the 1.5 wt % Au-containing sample. However, interestingly,
it is reduced for the sample containing 6 wt % Au (ca. 100

—&— Extrapolation-2nd deriv.
~ Extrapolation

Norm. NXES (Arb. Units).
“(snun "quy) SYX "WioN

— Au: 1.5%

526 527 528
Photon Energy (eV).

Figure 5. Upper panel: Band gap evolution of the TiO, thin films as a
function of Au nanoparticle content as determined from the
combination of oxygen K-edge XAS (left) and NXES (right) spectra.
The band gap is estimated from the difference in energy between the
intersections of the dashed lines in the energy axis. The dashed lines
were obtained by extrapolating the edges’ slopes in the NXES (left)
and XAS (right) spectra. The inset in the figure contains the
estimated band gaps.

meV). This behavior can be followed by looking at the
variations of the edge in the NXES spectra and the position of
maximum intensity in the spectra. On the other hand, although
the absorption edges barely move in XAS, the variation in the
maximum intensity position in the spectra is not systematic
and subtle, as can be seen at the top of the XAS spectra.
Naturally, the abovementioned behavior in the energy shifts
of the oxygen K-edge NXES and XAS spectra is reflected in the
band gaps of the Au-containing films. The estimation of band
gap energy by the combined NXES and XAS at the oxygen K-
edges can be performed by several methods, which yield
comparable results. In the most widely used method, the band
gap is estimated from the difference in energies between the
crossing points at the energy axis of the extrapolated slopes of
the XAS and NXES spectra, as indicated in the dashed line in
Figure 5. An alternative method involves the measurement of
the difference in energy between the onsets of the XAS and
NXES spectra, as identified by the second derivative of the
spectra. To quantify the band gap evolution as a function of Au
content in the nanostructured TiO, films, we estimated their
band gaps by the extrapolation method and by another “hybrid
method” that combines the extrapolation and the second
derivative methods (see the Supporting Information for
details). Results from such estimations are summarized in
the inset of Figure 5. We observe, regardless of the method
employed, that upon Au nanoparticle incorporation the band
gap closes. In addition, we notice that the band gap values
determined by the extrapolation method are about 0.25 eV
larger than those determined by the second derivative method,
except for the 6 wt % Au-containing film, for which the band
gap as estimated by both methods is essentially the same. The
systematic 0.25 eV difference and the similar result in the band
gap for the 6 wt % Au sample are a consequence of the
procedure employed by each method (see the Supporting
Information). We employed both methods aiming to set upper
and lower boundaries to the band gap values of our samples as
obtained from oxygen K-edge soft X-ray spectroscopies. As the
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band gap values obtained by both methods essentially follow
the same trend, we will base our discussion around the
extrapolation method values. For the reference sample
(without Au nanoparticles), we found a band gap of 1.99 eV,
which is in good agreement with a previously reported value of
2.1 eV obtained by the same method.”” When Au nanoparticles
are incorporated, we observe that for the film containing 1.5 wt
% Au, the band gap value decreases to a value of 1.76 eV,
which then increases for the films with 3 and 6 wt % with the
values of 1.80 and 1.88 eV, respectively, as observed in the
inset of Figure S.

Table 2 summarizes the most important findings of this
work. Interestingly, all the photovoltaic parameters related with

Table 2. Summary of Short-Circuit Photocurrent Density
Increase AJsc, Open-Circuit Voltage Increase AV, Quasi-
Fermi Level Upward Shift AEg, and Band Gap Reduction
AE, because of the Incorporation of Au Nanoparticles in
TiO, Electrodes

Auwt %  AJgc (mAcm™)  AVoc (V)  AEg (V) A E, (eV)
0 0 0 0 0
1.5 0.164 0.100 0.108 023
3 0.455 0.110 0.108 0.19
6 —0.025 0.055 0.042 0.11

the PCE (Jsc and Vo) seem to follow the same trend as of the
band gap evolution observed by oxygen K-edge NXES and
XAS. As discussed earlier, a decrease of the band gap of TiO,
leads to an overall increase in the light absorption of TiO,
films, which could explain the observed increase (in most
cases) in Jgc of the DSSCs upon the incorporation of Au
nanoparticles in their active electrodes, as compared to the
reference DSSCs fabricated without Au nanoparticle incorpo-
ration. However, we cannot discard the contributions of other
factors to Jgc (Table 2), such as change in the light absorption

capacity because of the SRP of Au, variations in the charge
injection efficiency because of the energetic alignments
between the dye molecules and the CBE of TiO,* and
changes in the charge collection efficiencies because of the
variation in the carrier diffusion lengths. For example, the CBE
of the TiO, electrode is normally placed around 1.0 eV from
the electrolyte’s quasi-Fermi redox level, indicating a maximum
expected value of Vg of around 1.0 V. Listorti et al."” reported
that for the Z907 dye (the one used in this study), when the
CBE is around 1.0 V (from the electrolyte), the electron
injection efficiency is around 90% and, if this CBE is displaced
by 100 mV toward the negative potential (displacing the CBE
to 1.1 V from the electrolyte), a decrease in the injection
efficiency from 90 to 70% is expected. On the other hand, from
the electron lifetime and transport time values, we can obtain
information on the change in the charge collection efficiencies.
It is also important to mention that, in the cases of shifts in the
quasi-Fermi level of the TiO, electrode because of any
treatment or metal nanoparticle incorporation, such as in this
work, it is necessary to make corrections in the time constant
versus Vg plots to compare the transport and recombination
parameters at the same quasi-Fermi level.”* In Figure 6, we
show the variations of transport and recombination (life) times
with the Au nanoparticle content before and after band shift
corrections. As can be observed in Figure 6a, without band
shift correction, for a fixed V¢, the lifetime apparently
increases up to 2 times (slow recombination) because of the
Au nanoparticle incorporation, as has been reported
previously,” leading to the wrong conclusion that an increase
in lifetime also contributes to the enhancement of V.
Likewise, in Figure 6b, for the same V, the transport time
marginally increases up to 1.2-fold (slower transport) because
of the Au nanoparticle incorporation. In fact, for the sample
with the highest time constant variation (1.5 wt % of Au) at a
particular Vo (0.350 V), we expected a slight increase in the
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Figure 6. Semilogarithmic plots of life and transport times as obtained from the SLITM of photovoltage and photocurrent for DSSCs with different
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electron collection efliciency, which can be roughly estimated
through the relation 7. = 1 — transport time/lifetime,**
leading to a wrong conclusion that the increase in the electron
collection efficiency also contributes to the enhancement of J¢
in the DSSCs containing Au nanoparticles. On the contrary,
when the band shift has been considered, at the same quasi-
Fermi level, we observe a gradual decrease in the lifetime
(faster recombination) for DSSCs with 1.5 and 3% of Au
nanoparticle incorporation up to 2 times; after that, for the
DSSCs with 6% of Au, the lifetime seems to match the values
of the DSSCs with no Au nanoparticles. These observations
lead to the conclusions that the decrease in the lifetime
negatively contributes to the Vyc. Also, at the same quasi-
Fermi level, the transport time marginally decreases up to 1.2
times (faster transport) with the Au nanoparticle incorpo-
ration. Again, as a comparison, for the sample with the highest
variations in time constants (this time, 3 wt % of Au), at a fixed
quasi-Fermi level (0.350 V), we expect a decrease in the
electron collection efficiency, contributing negatively to the Jc.
As can be observed, contradictory conclusions can be reached
whether or not band shifts are accounted for. In this context, it
is important to highlight that even with the decrease in the
electron injection efficiency and the decrease in the lifetime,
maximum increases of about 33% in Jsc and of about 17% in
Voc were observed for the sample with 3% of Au, leading to
the conclusion that the most important contributions to the Jg
and Vi increases are respectively related to the band gap
decrease and to the charging effect (upward shift of the TiO,
quasi-Fermi level) of the TiO, + Au electrodes.

Figure 7 schematically summarizes the most important
findings of the present study. An upward shift of the quasi-

TiO, TiO, + Au
E’CB
Ecp ap, | frmm=mmEEEE=— -
E’VB
AE, + AEg
EVB ’

Figure 7. Proposed schematic representation of energy band diagrams
of TiO, films with and without Au nanoparticles used as photoanodes
for the fabrication of DSSCs. The band gap reduction AE, increases
the light absorption, whereas the upward shift AEg contributes to an
increase in the open-circuit voltage. Both effects contribute to an
overall increase in the efficiency of DSSCs.

Fermi level leads to an increase of V¢ by about AEg. At the
same time, a decrease in the electron injection efficiency from
the excited state of the dye (S*) to the CBE of TiO, is
expected (not shown in Figure 7). As can be observed from
Table 2, the detected variations of Jgc with Au content
correlate very well with the band gap energy AE, variations.
Therefore, assuming that no change in transport and
recombination rates occurred because of the Au nanoparticle
incorporation (see Figure 6), we can conclude that the change
in the injection efficiency does not affect Js significantly. On
the other hand, as has been detected by oxygen K-edge XAS
and NXES, the band gap energy of unsensitized TiO,
electrodes changes on incorporating bare Au nanoparticles.

Therefore, some changes can be expected on the performance
of fabricated (real) devices, where the adsorbed dye molecules
and the electrolyte solution are in contact with the gold
nanoparticle-incorporated active electrode surface. For exam-
ple, in a semiconductor in contact with an electrolyte, electric
current initially flows across the junction until electronic
equilibrium is reached, where the Fermi energy of the electrons
in the solid semiconductor is equal to the redox potential of
the liquid electrolyte.”” Additionally, the dye adsorbed on the
TiO, surface also modifies its quasi-Fermi level.”” In such a
case, a change in the quasi-Fermi level is also expected for the
incorporated Au nanoparticle and the dye-loaded electrodes in
contact with the electrolyte. For instance, an upward shift of
the valence band edge of the TiO, electrode because of the Au
nanoparticle incorporation must lead to an upward shift of the
equilibrium Fermi level (or the quasi-Fermi level in dark),
which reduces the separation between the CBE and the quasi-
Fermi level in dark. The phenomenon in turn diminishes the
maximum expected Vi of the device. Therefore, to evaluate
the contributions of plasmonic metal nanoparticles incorpo-
rated in the active electrode matrix of an assembled DSSC, it is
essential to evaluate their contribution in the electronic
structure of the semiconductor electrode, combined with the
well-controlled deposition techniques for plasmonic metal®"**
and TiO, nanostructures.” Although in the present study, we
clearly demonstrate a change in the electronic band structure
of TiO, from the oxygen 2p perspective because of the Au
nanoparticle incorporation, further studies associated to the
electronic band structure of titanium 3d, 4s states, and gold are
required to have a more complete understanding of the
phenomena occurring in plasmonic DSSCs.

4. CONCLUSIONS

In conclusion, through the oxygen K-edge X-ray absorption
and emission spectroscopic studies, we demonstrate that Au
nanoparticles incorporated in the active TiO, electrodes of
plasmonic DSSCs interact with the occupied energy levels of
TiO,, leading to a decrease in the TiO, band gap through an
upward shift of its valence band edge. Although for such a
narrowing of band gap energy, a downshift of the quasi-Fermi
level is expected, electrodynamical studies on the fabricated
cells under operation (illumination) revealed rather an upward
shift because of the photocharging effect in the metal
nanoparticles, screening the effect of band gap narrowing.
The upward shift of the quasi-Fermi level of TiO, contributes
positively to the open-circuit voltage of the DSSCs, avoiding
the reduction of the open-circuit voltage because of band gap
narrowing. On the other hand, the short-circuit photocurrent
follows an opposite trend to that of electrode band gap
variation, indicating the band gap narrowing has a determinant
(positive) effect on the short-circuit current values, whereas
the contribution of the free electron plasmons of Au
nanoparticles in the short-circuit current is marginal. The
obtained results also highlight the importance of considering
corrections in the effective base voltage because of the quasi-
Fermi level band shift during the estimation of the transport
and recombination parameters of an assembled DSSC.
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