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Plasmonic dye-sensitized solar cells containing metal nanoparticles suffer from stability issues due to their

miscibility with liquid iodine-based electrolytes. To resolve the stability issue, herein, an ion implantation

technique was explored to implant metal nanoparticles inside TiO2, which protected these nanoparticles

with a thin coverage of TiO2 melt and maintained the localized surface plasmon resonance oscillations

of the metal nanoparticles to efficiently enhance their light absorption and make them corrosion

resistant. Herein, Au nanoparticles were implanted into the TiO2 matrix up to the penetration depth of

22 nm, and their influence on the structural and optical properties of TiO2 was studied. Moreover,

plasmonic dye-sensitized solar cells were fabricated using N719 dye-loaded Au-implanted TiO2

photoanodes, and their power conversion efficiency was found to be 44.7% higher than that of the

unimplanted TiO2-based dye-sensitized solar cells due to the enhanced light absorption of the dye

molecules in the vicinity of the localized surface plasmon resonance of Au as well as the efficient

electron charge transport at the TiO2@Au@N719/electrolyte interface.
1. Introduction

Localized surface plasmon resonance (LSPR), a unique charac-
teristic of metal nanoparticles (Mnps) that arises due to the
collective oscillations of free electrons in metals and their
surrounding dielectric medium, has been extensively investi-
gated in various applications such as in photocatalysis,1,2 elec-
trochemistry,3,4 photovoltaics,5,6water-splitting,7,8 light-emitting
diodes,9,10 sensing,11,12 and plasmouidics.13,14 In photovoltaic
devices, the plasmonic Mnps induce a stronger near-eld
coupling at the Mnps and semiconductor interface upon
interaction with the incident light. This leads to a Mie-type
forward light scattering and hence enhances the light absorp-
tion to improve the power conversion efficiency (PCE) of these
devices.15,16

In recent years, among different photovoltaic devices, dye-
sensitized solar cells (DSSCs) have gained signicant attention
due to their low fabrication cost, eco-friendliness and good
photovoltaic performance even under indirect light illumina-
tion.17 The LSPR of Mnps has been explored in DSSCs to further
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hemistry 2019
enhance their PCE by improving light absorption along with
fast electron charge transfer from the dye molecules to TiO2

18–20

and inhibiting the back recombination of electrons from either
the dye molecules or the conduction band (C.B.) of TiO2 to the
electrolyte.21,22 Chen et al.23 optimized TiO2-based DSSCs
incorporated with 0.8 wt% of Au nps (200–300 nm size) and
showed a 12.2% increase in the PCE as compared to the case of
TiO2-based DSSCs due to enhanced light absorption induced by
the Au nps. Muduli et al.24 reported a 16% increase in the PCE of
TiO2–Au-based DSSCs owing to fast electron transport and
reduced recombination of electrons and holes at the TiO2@Au/
dye/electrolyte interface. Chander et al.25 showed an increment
of 19.12% in the PCE of TiO2-based DSSCs loaded with 0.24 wt%
Au nps (36 nm size). Zhao et al.26 demonstrated that the incor-
poration of 0.8 wt% Ag into the 3D hierarchical microstructure
of TiO2 led to a 30.7% enhancement in the PCE of plasmonic
DSSCs due to their increased light scattering ability. The
incorporation of Ag nanowires into TiO2 has been found to
enhance the light absorption and electron charge transport of
DSSCs, resulting in a 25.3% enhancement of their PCE.27 Li
et al. reported the incorporation of 0.168 wt% of Au into TiO2-
based DSSCs, which exhibited a maximum 45% increment in
the PCE.28 Thus, the variation in the amount of Mnps incor-
porated into TiO2 has been found to signicantly affect the
performance of plasmonic DSSCs.

Although these research ndings show an improvement in
PCE, the stability of the bare Mnp-incorporated DSSCs has not
been discussed to date. Moreover, the bare Mnps in TiO2 are in
RSC Adv., 2019, 9, 20375–20384 | 20375
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View Article Online
direct contact with the dye molecules and electrolyte; this
results in the recombination of photo-generated carriers and
the corrosion of the Mnps, respectively. This further reduces the
PCE as well as the stability of the plasmonic DSSCs.29,30 Stand-
ridge et al.31 reported the corrosion of Ag nps in the presence of
a redox electrolyte in plasmonic DSSCs; this reduced the
photocurrent and hence the PCE. Similar observations have
been made in our laboratory where higher PCE of the TiO2@Ag-
based DSSC was obtained initially, followed by a reduction in
the PCE aer some time due to the corrosion of the Mnps with
the redox I�/I3

� electrolyte. Thus, a spacer layer needs to be
inserted in between the Mnps and the electrolyte while fabri-
cating highly stable DSSCs to prevent the corrosion of theMnps;
in this direction, a shell of silica (SiO2) and TiO2 coated on the
Mnp core has been investigated; moreover, Choi et al.32 have
observed that the DSSCs incorporated with Au-capped TiO2 and
SiO2 exhibit a 9.0% and 5.0% increment in the PCE, respec-
tively. The PCE increment of 16% has been observed in
a AuNR@SiO2-incorporated plasmonic tandem DSSC due to its
increased light-harvesting ability from the visible to the near-
infrared region.33 Bai et al.34 have reported SiO2-capped Au
nanorod-based plasmonic DSSCs that have exhibited a 23%
enhancement in the PCE. However, the insulating nature of
SiO2 opposes the injection of photo-generated carriers into TiO2

and results in the poor stability of plasmonic DSSCs. Moreover,
the separation between the dye molecules and Mnps adversely
affects the strength of the electromagnetic eld. The increased
separation has led to a decrease in the plasmon-enhanced
photocurrent in DSSCs. Standridge et al.35 have reported that
the threshold thickness of a few nm of the TiO2 shell around the
Ag nps is required to effectively protect these nps from the long-
time exposure to the aggressive I�/I3

� environment; the
Au@TiO2 hollow submicrosphere (with controllable sizes and
shell thicknesses)-based plasmonic DSSCs have revealed a 30%
increment in the PCE due to their increased light absorption.36

Xu et al.37 have reported a 16% increase in the PCE of DSSCs
containing core–shell popcorn-shaped Au–Ag alloy nps in TiO2

photoanodes. Although the stability of the plasmonic DSSC has
been found to improve using core–shell Mnps, the PCE has not
been signicantly enhanced.

Thus, a novel technique of ion implantation has been
explored to make the utmost use of the LSPR property of Mnps
by preventing them from corrosion as well as coming in direct
contact with the dye molecules, which not only provides
stability to the DSSCs but also makes them more efficient. Ion
implantation modies the properties of TiO2 and provides
a controllable growth of the Mnps at different depths inside the
TiO2 protected with a thin layer of TiO2 melt.38–40 However, only
a few studies have been reported on the ion implantation of
Mnp-based plasmonic DSSCs. Luo et al. have reported the effect
of Ag implantation on the performance of DSSC and found
a nearly 25% enhancement in the PCE.41

In this study, the Au Mnps were implanted inside a TiO2

matrix for the rst time for the fabrication of stable and efficient
plasmonic DSSCs; the uence of the ion beam was optimized
for balancing the LSPR of the Au nps and porosity of TiO2 to
fabricate improved plasmonic DSSCs; moreover, it was found
20376 | RSC Adv., 2019, 9, 20375–20384
that the Au-implanted plasmonic DSSCs exhibited the
maximum PCE enhancement of 44.7%. A plausible working
mechanism of the stable and efficient plasmonic DSSCs was
explained on the basis of the thermal spike model and spec-
troscopic and electrochemical investigations.

2. Experimental

Fluorine-doped tin oxide (FTO) glass substrate (sheet resistance
of�7U sq�1), ethanol, soap solution, isopropanol, zinc powder,
hydrochloric acid, titanium(IV) isopropoxide (TTIP), platinum
(Pt) paste and the di-tetrabutylammonium cis-bis(isothiocya-
nato)bis(2,20-bipyridyl-4,40-dicarboxylato)ruthenium(II) (N719)
dye of analytical grade were procured from Sigma Aldrich.
Titanium dioxide (TiO2) paste and iodide-tri iodide I�/I3

� redox
electrolyte in 3-methoxypropionitrile (EL-HSE) were procured
from Dyesol, Australia. The photoanodes were prepared by spin-
coating a compact layer of the TTIP solution onto the patterned
FTO substrates followed by annealing at 450 �C for 30 min. The
TiO2 paste was deposited onto the annealed lms using a doctor
blade technique with the thickness of 3 mm and then subjected
to thermal annealing at 450 �C for 30 min under air atmo-
sphere. The Au ion beam was implanted onto the TiO2 matrix
with the energy of 80 keV under high vacuum conditions at
room temperature using a low-energy negative-ion implanter
(Inter University Accelerator Centre (IUAC), New Delhi, India) at
different uence values of 1 � 1013, 1 � 1014, 1 � 1015 and 1 �
1016 ions cm�2, and the obtained samples were named F1, F2,
F3 and F4, respectively. The penetration depth of the Au nps in
TiO2 was found to be 22 nm using the Stopping and Range of
Ion in Matter (SRIM) soware.

Prior to the fabrication of a cell, the unimplanted and
implanted TiO2 were soaked in a 0.3 mM solution of N719 dye
for 24 h under dark conditions. The counter electrode (CE) was
prepared by doctor blading Pt onto the pre-cleaned FTO
substrates followed by annealing for 30 min at 450 �C in air. The
DSSCs were assembled using prepared photoanodes and a Pt
CE in a sandwich-type geometry along with the insertion of an
electrolyte in them.

The surface morphology of the samples was studied via
a eld emission scanning electron microscope (FESEM-Carl
Zeiss, Supra 55). The X-ray photoelectron spectroscopy (XPS)
measurements of the samples were conducted using the MAC2
electron analyzer system connected to a MBE machine (EVA-32
Riber, France) with the excitation source of Mg Ka X-ray beam
having the energy of 1253.3 eV in the binding energy (B.E.)
range of 10–1500 eV. The system was calibrated using the
84.0 eV B.E. of the Au 4f7/2 line. The X-ray diffraction (XRD) D8
FOCUS, Bruker Ettlingen instrument with Cu Ka radiation (l ¼
1.5418 Å) operated at 30 mA and 40 kV in the range of 5–80� was
used to study the diffraction pattern. The SHIMADZU, UV-VIS
NIR 3600 spectrometer was used to obtain the absorption
spectra of the samples in the wavelength region of 250–800 nm.
To perform the desorption experiments, the N719 dye was
desorbed from the unimplanted and Au-implanted TiO2 matrix
using a 0.1 M aqueous solution of potassium hydroxide (KOH),
and the absorbance spectra of the deloaded dye solutions were
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 FESEM images of the (a) unimplanted TiO2 and Au-implanted TiO2 at different fluence values: (b) F1, (c) F2, (d) F3 and (e) F4.
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View Article Online
obtained. The photoluminescence (PL) spectra were studied
using the PerkinElmer LS 55 Fluorescence Spectrometer within
the 200–900 nm range at the excitation wavelength of 350 nm.
Raman spectroscopy was performed using a 514 nm argon laser
source in the Renishaw InVia Reex micro-Raman spectrometer
in the wavenumber range of 30–1700 cm�1. Photovoltaic studies
of the fabricated DSSCs were performed using a Keithley source
meter (Model 2400) under 1 sun illumination at 1.5 G AM of
intensity 100 mW cm�2 with an OAI, TriSOL solar simulator.
The calibration of the solar simulator using a standard silicon
cell was done prior to the measurements. The work function
measurements of the plasmonic TiO2 were recorded using the
Kelvin Probe technique (SKP, Kelvin Probe 4.5). Electrochemical
impedance spectroscopy (EIS) measurements were performed
using a frequency response analyzer (FRA) attached to an
This journal is © The Royal Society of Chemistry 2019
Autolab potentiostat/galvanostat (PGSTAT12) in the frequency
range from 0.01 Hz to 1 MHz.
3. Results and discussion

Fig. 1 shows the FESEM images of the unimplanted and Au-
implanted TiO2 at different uence values (F1, F2, F3 and F4).
A porous surface is observed for TiO2, which seems to atten
with the implantation of Au. Furthermore, the attening
increased with an increase in uence from F1 to F4. Conse-
quently, the Au nps implanted in TiO2 up to a 22 nm depth were
covered with a very thin layer of TiO2 melt according to the
thermal spike model;42 the thin coverage of the TiO2 melt
around the Au nps prevented their direct contact with the dye
molecules and electrolyte. Moreover, the surface attening led
RSC Adv., 2019, 9, 20375–20384 | 20377
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Fig. 2 XRD patterns of the unimplanted and Au-implanted TiO2matrix
(F1, F2, F3 and F4).

Fig. 4 UV-Vis absorption spectra of the N719 dye deloaded from the
unimplanted and Au-implanted TiO2 (F1, F2, F3 and F4) photoanodes.

Table 1 Dye desorption parameters of the unimplanted and Au-
implanted photoanodes

Sample
Concentration
of dye (mM)

Dye loading (�10�8 mol
cm�2)

TiO2 1.91 2.29
F1 1.83 2.19
F2 1.76 2.11
F3 1.68 2.02
F4 1.53 1.84
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to the widening of the pore size and decreased the number of
pores.

The XPS survey spectra of the unimplanted and Au-
implanted TiO2 (Fig. S1†) exhibit the presence of the Ti, O
Fig. 3 UV-Vis absorption spectra of the N719 dye-loaded unim-
planted and Au-implanted TiO2 (F1, F2, F3 and F4) photoanodes.

20378 | RSC Adv., 2019, 9, 20375–20384
and Au elements. The elemental compositions of Ti, O and Au
present in all the samples were determined from the area under
the curves in the core level XPS spectra of Ti-2p (Fig. S2†), O-1s
(Fig. S3†) and Au-4f (Fig. S4†), respectively. The unimplanted
TiO2 contained 0.28 and 0.72 atomic %ages of Ti and O,
respectively, with the Ti/O ratio of 0.6. In contrast, the
Fig. 5 PL spectra of the unimplanted and Au-implanted TiO2 (F1, F2,
F3 and F4).

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Raman spectra of TiO2 and the Au-implanted TiO2 (F1, F2, F3
and F4).

Fig. 7 J–V characteristics of the unimplanted and Au-implanted TiO2-
based DSSCs.
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implanted TiO2 showed the presence of the additional Au
element, and its composition increased with an increase in Au
uence i.e. F1 (0.04%), F2 (0.09%), F3 (0.11%) and F4 (0.42%).

The XRD patterns of the TiO2 and Au-implanted TiO2 were
compared, as shown in Fig. 2. The peaks at 25.49�, 38.00�,
48.17�, 54.58�, 55.00�, 61.58� and 65.63� are respectively
assigned to the (101), (004), (200), (105), (211), (204) and (116)
Table 2 Photovoltaic, f and EIS parameters of DSSCs fabricated with u

Photoanodes JSC (mA cm�2) VOC (V) F.F.

TiO2 7.23 0.65 0.65
F1 8.80 0.70 0.75
F2 10.15 0.69 0.68
F3 11.29 0.69 0.71
F4 7.71 0.69 0.59

This journal is © The Royal Society of Chemistry 2019
crystal planes of anatase TiO2 (JCPDS card no. 21-1272).23,43 In
addition, the peaks at 26.64�, 33.84� and 51.57� corresponding
to the (201), (130) and (312) planes of the FTO substrates (JCPDS
card no. 00-030-1375)44 were observed. The Au-implanted TiO2

exhibits similar peaks; however, the intensity of the peaks cor-
responding to the 2q values of 38.00� and 65.63� increases with
the increasing uence due to the overlapping45 of the additional
(111) and (220) planes of the face-centered cubic Au (JCPDS card
no. 04-0784),43,46 respectively. Moreover, the intensity of the
peaks at 26.64�, 33.84� and 51.57� increases in the implanted
TiO2 due to an increase in the pore size aer Au implantation,
thus providing more reections of X-rays from the FTO surface.
The sharp and well-dened diffraction peaks conrm the
polycrystalline nature of the unimplanted and implanted TiO2.

Fig. 3 depicts the UV-Vis absorption spectra of the N719 dye-
loaded unimplanted and Au-implanted TiO2 photoanodes. An
absorption band around 307 nm is observed in the spectra of
the unimplanted and Au-implanted TiO2 photoanodes, ascribed
to the intrinsic inter-band exciton transitions.16,18 The charac-
teristic absorption bands of the N719 dye around 390 and
530 nm were not observed for all the samples as these peaks
became suppressed because of the high absorbance at 307 nm.
A gradual increase and broadening in the absorbance was
observed up to the F3 photoanode, ascribed to the enhanced
light absorption of sensitized dye molecules due to the coupling
of a strong local eld of LSPR around Au and the dipole moment
of the dyemolecules. Furthermore, the amount of the sensitized
dye in the unimplanted and Au-implanted TiO2 was determined
through dye desorption experiments by obtaining the absor-
bance spectra of the N719 dye deloaded from the samples
(Fig. 4). The N719 dye molecules showed an absorbance around
390 and 530 nm in all the samples. The amount of dye loading
was calculated as follows:47

Dye loading
�
mol cm�2�

¼ ½dye concentration ðMÞ � volume ðmlÞ�
electrode area ðcm2Þ

where the dye concentration was measured using the Beer
Lambert's law47 at the absorbance value of around 535 nm. The
concentration and amount of dye loading are tabulated in Table
1. At the lower uence of up to 1015 ions cm�2 (F3), a small
change in dye loading was observed as compared to the case of
the comparatively higher uence of 1016 ions cm�2 (F4). These
observations are in good agreement with the FESEM studies,
where the porosity was found to decrease appreciably at higher
nimplanted and Au-implanted TiO2-based DSSCs

PCE (%) RS (U cm2) R2 (U cm2) f (eV)

3.09 8.47 8.57 5.34
4.72 8.87 8.87 5.30
4.84 9.60 9.00 5.25
5.59 9.90 12.40 5.22
3.15 10.10 12.48 4.95

RSC Adv., 2019, 9, 20375–20384 | 20379
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Fig. 8 Work function of (a) TiO2, (b) F1, (c) F2, (d) F3 and (e) F4.
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uence. Thus, the reduction in absorbance for the F4 photo-
anode (Fig. 3) is directly linked with a decrease in dye loading.
Hence, the LSPR effect of Au enhances the absorbance but at the
expense of dye loading; thus, their balanced effect should be
optimized for efficient light harvesting.

The PL spectra of the unimplanted and Au-implanted pho-
toanodes (Fig. 5) were obtained with lexcitation at 350 nm using
a xenon lamp. The unimplanted TiO2 exhibits broad emission
peaks at around 395 and 452 nm corresponding to the transi-
tions involving the recombination of electrons trapped at levels
within the forbidden band gap of TiO2 arising due to the
intrinsic oxygen vacancies.21,48 The Au-implanted TiO2 exhibits
20380 | RSC Adv., 2019, 9, 20375–20384
similar emission spectra, and its PL intensities are lower than
those of the unimplanted TiO2. Furthermore, it is observed that
the PL intensity decreases with an increase in uence (from F1
to F4). The photoluminescence occurs due to the emission of
photons by the recombination of photo-generated electrons and
holes, which infers a lower recombination rate for the lower-
intensity peaks. Thus, the plasmonic TiO2 exhibits a lower
charge recombination rate, which is least for the F4 sample. It
can be explained on the basis of the formation of Schottky
barriers48,49 at the TiO2 and Au (TiO2@Au) interface that help to
capture the photo-generated electrons before they recombine
with holes by accumulating them around Au. Thus, Au acts as
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02657f


Fig. 9 (a) EIS of DSSCs fabricated with the unimplanted and Au-
implanted TiO2-based DSSCs (F1, F2, F3 and F4); and (b) their equiv-
alent circuit model where RS, R1, and R2 have their respective mean-
ings, Q is the constant phase element and C is the capacitance.
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a charge separation center for the photo-generated electrons.45

Moreover, the lifetime of the photo-generated electrons
increases (discussed later in the EIS studies); this improves the
Fig. 10 Schematic of the working mechanism of the unimplanted (A) an
harvesting (A(a) and B(a)), back recombination inhibition of charge carrier
Au.

This journal is © The Royal Society of Chemistry 2019
electron charge transport and inhibits the electron–hole
recombination process.

Fig. 6 shows the Raman spectra of the unimplanted and Au-
implanted TiO2 obtained at room temperature using a 514 nm
argon laser source. The peaks of the unimplanted anatase phase
of TiO2 are observed at 145, 200, 403, 520 and 643 cm�1, cor-
responding to the Eg(1), Eg(2), B1g(1), A1g(1) + B1g(2) and Eg(3)

Raman-active phonon modes. The highly intense Raman peak
at 145 cm�1 is closely related to the anatase TiO2 single crystal.50

The Au-implanted TiO2 exhibits similar Raman peaks; however,
a gradual decrease in their intensities is observed with an
increase in uence; this infers an increase in the number of
defects on the TiO2 surface created by the Schottky barriers.45 Au
does not possess any specic phonon mode because of its weak
Raman scattering power; this suggests that the Au implantation
does not alter the phase of TiO2.

The current density–voltage (J–V) characteristics of DSSCs
fabricated with the unimplanted and Au-implanted TiO2 are
shown in Fig. 7. The obtained photovoltaic parameters, such as
short circuit current density (JSC), open circuit voltage (VOC), ll
factor (F.F.) and PCE, summarized in Table 2, signify the
benecial effect of Au implantation on the photovoltaic
performance of the DSSCs. The JSC of the Au-implanted TiO2-
based DSSC is found to be greater than that of the unimplanted
TiO2-based DSSC due to the enhanced light absorption owing to
the LSPR of Au. Furthermore, the JSC increases with the
increasing uence up to the F3-based DSSC, and then, a sudden
decrease in the JSC is observed due to the decreased dye loading
onto the TiO2 surface. Although similar values of VOC are
d Au-implanted (B) plasmonic DSSCs highlighting the enhanced light
s (A(b) and B(b)) and EF-shifting (A(c) and B(c)) upon the implantation of

RSC Adv., 2019, 9, 20375–20384 | 20381
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obtained for the plasmonic DSSCs, they are comparatively
higher than those of the unimplanted DSSC; this has been
explained by the work function measurements. The surface
work function f of the unimplanted TiO2 (Fig. 8(a)) has been
found to be 5.34 eV, which further decreases upon Au implan-
tation (Fig. 8(b–e), Table 2). This indicates an upward shi in EF
induced by the Schottky barriers.51 The upward shi in the EF
values of the plasmonic TiO2 conrms the increase in VOC as it
is dened as the difference between the EF of the photoanode
and the redox potential of the electrolyte (constant herein). The
comparatively larger change in the JSC than that in VOC
contributes to the enhancement in the PCEs of the implanted
DSSCs (Table 2). Thus, the PCEs of the plasmonic DSSCs are
found to be higher than those of the unimplanted DSSCs.
Furthermore, the PCE increases with an increase in uence up
to 1015 ions cm�2 and suddenly decreases for the F4-based
DSSC. Hence, the F3-based DSSC exhibits the maximum PCE
of 5.59% with an increment of 44.7% as compared to the TiO2-
based DSSC (3.09%).

The EIS measurements were performed on the unimplanted
and Au-implanted DSSCs to understand the variation in JSC and
reduced electron–hole recombination rate through the interfa-
cial electronic charge transfer process. The Nyquist plots
(Fig. 9(a)) were obtained for all the DSSCs operated at their
respective VOC under illumination and showed two well-dened
semicircles. The Nyquist plots tted with the equivalent circuit
model (Fig. 9(b)) provide an estimated value of the total DC
resistance comprising the combination of RS, R1 and R2. Herein,
R1 corresponds to the electron charge transfer resistance at the
CE/electrolyte interface and is determined from the diameter of
the rst semicircle in the Nyquist plot; moreover, it is almost
same for all the DSSCs as the CE is similar in all the devices. The
intercept of the high frequency semicircle at the real axis
provides the RS value representing the ohmic series resistance
inuenced by FTO, TiO2 (with and without Au nps), Pt CE, and
the electrolyte.19,45 RS increases slightly for the Au-implanted
DSSCs as compared to that for the unimplanted DSSC (Table
2) due to an additional resistance offered by the Schottky
barriers at the TiO2@Au interface. Furthermore, the RS values
show a continuous increase with the increasing uence (from
F1 to F4) due to the presence of more Schottky barriers as the Au
content increases in TiO2. The diameter of the Nyquist second
semicircle depicts the charge transfer resistance (R2) at the
unimplanted and Au-implanted TiO2@N719/electrolyte inter-
face.19 The values of R2 for the Au-implanted DSSCs have been
found to be higher than those for the unimplanted DSSCs
because of the charge separation ability of Au in the Schottky
barriers,21 which prevents the electrons from recombining with
the holes at the highest occupied molecular orbital (HOMO) of
the N719 dye. Moreover, R2 increases with the increasing u-
ence; this leads to a reduced electron recombination rate that
further contributes to the increased JSC values (Table 2).
Although R2 is maximum and the electron hole recombination
rate for F4 is least, JSC still decreases for the F4 DSSC because
the lower dye-loading generates a lower number of charge
carriers for transport throughout the circuit. Thus, the F3-based
DSSC with the increased values of RS and R2 exhibits
20382 | RSC Adv., 2019, 9, 20375–20384
a signicantly reduced recombination, resulting in the highest
ll factor of 0.71 (Table 2).

Moreover, the electron–hole recombination process at the
TiO2@N719/electrolyte interface has been supported through
the electron lifetime (s) measurements. It is observed that the
maxima of the characteristic maximum frequency (fmax) of the
Nyquist 2nd semicircle shis towards a lower frequency region
with an increase in the Au uence from the F1 to F4 DSSCs as
compared to the case of the unimplanted DSSC. This
reveals longer electron lifetime as it is inversely proportional to

fmax, i.e., s ¼ 1
2pfmax

, which reduces the electron–hole recom-

bination rate due to the increased Au content in TiO2, charac-
terized by larger R2 values.

On the basis of the abovementioned morphological,
compositional, spectroscopic, J–V and EIS investigations,
a plausible mechanism behind the improvement of the PCE of
Au-implanted plasmonic DSSCs as compared to that of the
unimplanted DSSC has been explained (Fig. 10).

Compared to the Au-implanted photoanodes, a compara-
tively lower number of photo-generated electrons get excited
from the HOMO to LUMO level of the N719 dye (Fig. 10A(a) and
B(a)). Some of these electrons recombine with the dyemolecules
as well as the electrolyte (Fig. 10A(b)) instead of entering the
conduction band of TiO2. The lower photo-generated electrons
and higher recombination rate resulted in smaller JSC and VOC
(Fig. 10A(c)) and consequently smaller FF and PCE of the
unimplanted DSSC. In contrast, the plasmonic DSSCs with
implanted photoanodes exhibit a comparatively higher number
of photo-generated electrons upon absorption of more photons
by the N719 dye molecules due to the LSPR effect (Fig. 10B(a)).
Further, the formation of the Schottky barriers at the TiO2@Au
interface inhibits the back recombination of electrons
(Fig. 10B(b)) to provide a comparatively higher JSC. Moreover,
the decrease in f of TiO2 upon implantation (Fig. 10B(c)) shis
the EF towards an upward direction and results in an increase of
the VOC. Hence, the increase of both JSC and VOC upon
implantation results in the improved FF and PCE of the plas-
monic DSSCs.

In addition, the photovoltaic parameters improve with the
increasing uence of Au implantation (Table 2) due to
comparatively more photo-generated electrons, back recombi-
nation inhibition and a decrease in f of TiO2. However, the PCE
of the F4-based DSSC is found to be limited by the amount of
dye-loading content as the porosity of TiO2 decreases at higher
uence, which further reduces the dye-loading.

4. Conclusion

The electronic and optical properties of TiO2 photoanodes were
successfully tuned through Au implantation for the fabrication
of highly stable and efficient plasmonic DSSCs. The DSSCs
containing TiO2 implanted with 0.11 atomic %age of Au under
the uence of 1015 ions cm�2 showed long-term stability along
with improved photovoltaic performance, having the PCE, JSC
and VOC values of 5.59%, 11.29 mA cm�2 and 0.69 V as
compared to the TiO2-based DSSCs (PCE¼ 3.09%, JSC¼ 7.23mA
This journal is © The Royal Society of Chemistry 2019
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cm�2 and VOC¼ 0.65 V, respectively). The increment of 44.7% in
the PCE of the plasmonic DSSCs is attributed to the enhanced
light absorption and reduced electron hole recombination rate.
Thus, ion implantation has the potential to fabricate stable as
well as efficient plasmonic DSSCs than the DSSCs containing
bare as well as core shell Mnps.
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