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Abstract Ag-doped TiO2 with Ag content ranging from 1

to 7 mol% was synthesized by a modified sol–gel route,

and its performance as the photoanode of dye-sensitized

solar cells (DSSCs) was compared with undoped TiO2

photoanode. Titanium(IV)isopropoxide was used as pre-

cursor and hexamethylenetetramine as the capping agent.

XRD results show the formation of TiO2 nanoparticles with

an average crystallite size of 5 nm (1 % Ag-doped TiO2)

and 9 nm (undoped TiO2), respectively. The TiO2

nanopowder was used to prepare its thin film photoelec-

trode using doctor’s blade method. Significant improve-

ment in light-to-energy conversion efficiency was achieved

when thin films of 1 % Ag-doped TiO2 were applied as

photoanode in DSSC taking N719 as the sensitizer dye. As

evidenced by EIS measurements, the electron lifetime of

DSSC with Ag-doped TiO2 increased from 1.33 (for

undoped TiO2) to 2.05 ms. The short-circuit current

density (Jsc), open-circuit voltage (Voc), fill factor (FF)

and the overall energy conversion efficiency (g) were

1.07 mA cm-2, 0.72 V, 0.73 and 0.40 %, respectively,

with the use of 1 % Ag-doped TiO2 photoanode, whereas

with undoped TiO2 under similar conditions, Jsc = 0.63

mA cm-2, Voc = 0.70 V, fill factor 0.45 and conversion

efficiency 0.14 % could be obtained. Therefore, compared

with the reference DSSC containing an undoped TiO2

photoanode, the power conversion efficiency of the cell

based on Ag-doped TiO2 has been remarkably enhanced by

*70 %. The substantial improvement in the device per-

formance is attributed to the reduced band-gap energy,

retarded charge recombination and greater surface cover-

age of the sensitizing dye over Ag-doped TiO2, which

ultimately resulted in improved IPCE, JSC and g values.

1 Introduction

Dye-sensitized solar cells (DSSCs) have emerged as an

alternative to conventional silicon-based solar cells due to

their relatively high energy conversion efficiency and low

cost [1–3]. Semiconductors such as TiO2 [4], ZnO [5],

SnO2 [6], Nb2O5 [7] and SrTiO3 [8] have extensively been

studied for use as photoanode materials to develop high-

performance DSSCs. TiO2 has been proven to be the best

semiconductor electrode material due to its chemical sta-

bility, nontoxicity, good electrical properties and low cost,

and therefore, it is widely used in many applications such

as photocatalysis, hydrogen production and solar cells

[9–12]. Sol–gel method is a fascinating method to syn-

thesize TiO2 due to its economical materials processing,

high chemical purity, homogeneity and small particle size

of the obtained TiO2 [13]. Among anatase, rutile and

brookite crystalline phases of titanium dioxide, anatase

TiO2 has the band-gap energy of 3.2 eV, for which the

absorption thresholds correspond to 380 nm, suggesting for

facile excitation under solar light irradiation. Nevertheless,

properties of TiO2 are severely limited as spectroscopic

studies reveal that almost 90 % of the photogenerated

electron–hole (e-–h?) pairs recombine rapidly after exci-

tation. Researches have focused on improving performance

by modifying its surface by deposition of noble metals,

thus extending absorption spectrum toward the visible

region. Pt, Au, Ag, Cu have been largely doped in TiO2 to

improve its properties. The dopant ions contribute to the

change of electronic structure and light absorption
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efficiency of the TiO2. Specially, noble metals like Au and

Ag have electron storage properties, thus facilitating charge

separation in semiconductor–metal composites [14].

Many reports are there in which Ag-doped TiO2 has

been employed as photoanode for DSSC application

because it is comparatively cheap and the work function of

silver is greater than Fermi level of TiO2 leading to

effective tuning of the band gap. Chang et al. [15] have

shown that Ag at TiO2 photoanode forms a porous struc-

ture, which possesses not only great surface area, but also

good adsorption of dye could be achieved, and DSSC

employing such a photoanode showed a photoelectric

conversion efficiency of 6.06 % with controlled thickness

of the film. Huang et al. [16] observed an improved

interfacial electron transfer and light harvesting in dye-

sensitized solar cells by using Ag nanowire/TiO2

nanoparticle composite films. The energy conversion effi-

ciency of the DSSC with AgNWs reached 5.31 % com-

pared to 4.68 % for DSSC without AgNWs. Dissanayak

et al. [17] have shown that the efficiencies of plasmonic

DSSCs with TiO2:AgNP were 6.51 %, representing an

efficiency enhancement by 27 % for AgNPs, and ascribed

it to localized surface plasmon resonance effect narrowing

the energy band gap of TiO2 due to the presence of Ag

nanoparticles. Yunyu et al. [18] have ascribed similar

observations to enhanced conductivity of TiO2 thin-film

photoanode, causing fast electron transport and corre-

spondingly an increase in photocurrent. Jin et al. [19]

reported that the electron lifetime of DSSCs with Ag-doped

TiO2 nanofiber increased from 0.29 to 0.34 s and that

electron recombination was reduced, and as a consequence,

the conversion efficiency of TiO2 photoelectrode-based

DSSCs was increased from 4.74 to 6.13 % after adding

5 wt% ATN into TiO2 films. Huang et al. [20] reported that

the enhancement of light trapping (which leads to the

increase in photocurrent), increase in open-circuit voltage

and reduction of charge transport resistance led to the

improvement of cell efficiency when thermally shrunk Ag

nanoparticles were used as the etching masks for nano-

porous TiO2 photoanodes.

The incorporation of Ag nanoparticles is beneficial for

promoting the charge separation within the TiO2 film as

well as improves the interfacial charge-transfer process.

This results in an enhanced electrical conductivity [21]. In

fact, electron transport in the DSSCs is dominated by dif-

fusion and a faster electron transport results in a higher

photocurrent. Li et al. [22] reported that the electron dif-

fusion coefficient of the Ag-doped DSSC is about three

times higher as compared to the undoped DSSC. Addi-

tionally, silver incorporated on TiO2 could be attributed to

accelerate the formation of superoxide radical anion O2-

and also decrease the probability of recombination of

electrons and holes by scavenging the electrons in the

conduction band by silver dopants. Doping the TiO2 with

silver ions (Ag? and Ag2?) may lead to the formation of

space charge, and the e-/h? pairs are efficiently separated

by the large electric filed before recombination [23].

Moreover, since the work function of silver is greater than

Fermi level of TiO2, when they are in contact, a Schottky

barrier is created, which facilitates the transfer of photo-

generated electrons from TiO2 to Ag NPs and retards the

recombination of electron–hole pairs [24]. The another

merit of Ag/TiO2 composites, which the light absorption

spectrum is extended toward the visible region, can be

ascribed to the effect of Ag by acting as electron traps in

TiO2 band gap [23].

In this work, we have synthesized undoped and Ag-

doped TiO2 by a modified sol–gel method making use of

hexamethylenetetramine (HMT) as capping agent and

applied as the photoanode material in DSSC. The prime

focus was to substantiate the idea that with the additive

effect of capping agent and dopant, there is possibility of

additional enhancement of sensitized photocurrent. The

crystal structure of TiO2 and Ag-loaded TiO2 was exam-

ined by XRD. Morphologies and particle sizes of TiO2 and

Ag-loaded TiO2 were investigated by SEM, HR-TEM and

AFM. The chemical composition of TiO2 and Ag-loaded

TiO2 nanoparticles was examined by EDXS. Photovoltaic

performance was studied in DSSC configuration employing

N719 dye.

2 Experimental

2.1 Materials

Titanium(IV)isopropoxide (Sigma-Aldrich), silver nitrate

(Merck), isopropanol (Merck) and hexamethylenete-

tramine, HMT (Merck, purity [99 %) were used as

received for preparing TiO2 powders. LiI (99.9 %,

Aldrich), I2 (G. R. grade, 99.8 %, BDH) added as redox

couple in cell electrolyte and propylene carbonate ([99 %,

Merck) taken as the medium of cell electrolyte were used

without any further purification. Platinum catalyst (T/SP

paste) used for making counter electrode, the sealing agent

(SX1170-60, 50 lm) and N719 dye used as photosensitizer

were all obtained from Solaronix SA. Conducting glass

plate (15 X/sq) was obtained from Pilkington, USA.

2.2 Preparation of TiO2 powder

Undoped TiO2 and Ag-doped TiO2 were synthesized by

sol–gel method as detailed in Scheme 1. 0.2 M solution of

titanium isopropoxide was prepared in isopropanol with

constant stirring for 1 h. Then, 0.2 M hexamethylenete-

tramine was added into the above solution dropwise with
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constant stirring for another 1 h. For preparing the Ag-

doped samples, AgNO3 solution was mixed in above

solution dropwise, and the final mixture was then refluxed

for 6 h at 80 �C to get clear solution. The brownish-white

precipitate (in case silver-doped samples) and white pre-

cipitate in case of undoped TiO2 were obtained. The

resulting precipitates were filtered and washed with dis-

tilled water followed by ethanol and dried at 100 �C.
Finally, the TiO2 powders were annealed at 450 �C for 1 h.

2.3 Material characterization

The absorption and FTIR spectra of doped and undoped

TiO2 powders were recorded with Shimadzu UV-1700

spectrophotometer and Varian 3100 FT-IR spectrometer,

respectively. X-ray diffraction (XRD) study of the samples

was carried out using D8 Advance X-ray diffractometer

equipped with graphite monochromator and a Cu source

(k = 1 9 5418 Å, CuKa operating at 45 kV and 40 mA).

AFM images were recorded by NT-MDT atomic force

microscope (model Solver NEXT). Roughness was reck-

oned by NOVA Px 3.1.0 software. EIS studies were carried

out using Autolab electrochemical workstation (model

AUT 302 N). SEM and EDAX were obtained using SEM

EVO Scanning Electron Microscope MA 15/18 and EDAX

EDS 51N1000, respectively. HRTEM was carried out

using HRTEM, TECNAI 20G2 (200kv) FEI company,

Netherland.

2.4 Preparation of TiO2 electrode (photoanode)

and counter electrode

TiO2 thin-film electrodes (photoanodes) were prepared by

spreading the paste of as-synthesized TiO2 powders (pre-

pared with ethanol) on the fluorine-doped tin oxide (FTO)

glass substrates and applying the doctor’s blade method.

Films were dried under ambient condition and annealed at

450 �C in air for 1 h in a tubular furnace. This resulted in

TiO2 film of *6 lm thickness. The dye (N719) was

anchored onto the surface of the TiO2 thin film electrode by

immersing it into ethanol solution of dye for 18 h. The

platinum counter electrode was prepared on another FTO-

coated glass substrate by depositing platinum catalyst using

doctor’s blade method and annealing at 400 �C for half an

hour in air.

2.5 Fabrication of DSSC

The photoelectrode (dye-coated TiO2 film) was put over

platinum counter electrode in such a way that the con-

ductive side of both the electrodes faced each other, and the

cell was sealed from three sides using spacer/sealing tape

(heating it at *80 �C); one side was left open for the

injection of electrolyte. The cell electrolyte (0.2 M lithium

iodide and 0.02 M iodine in propylene carbonate) was

injected through open side and was drawn into the space

between the electrodes by capillary action. Thereafter, the

open side of the cell assembly was sealed properly with

araldite, and the contacts were made by copper wires using

silver paste.

2.6 Photoelectrochemical measurements

A bi-potentiostat (Model no. AFRDE 4E, Pine Instrument

Company, USA) and e-corder (Model 201, eDAQ, Aus-

tralia) were used for current–potential measurements. For

photoelectrochemical (PEC) measurements, a 150-W

Xenon arc lamp with lamp housing (Model no. 66057) and

power supply (Model no. 68752), all from Oriel Corpora-

tion, USA, were used as the light source. The semicon-

ductor electrode was illuminated after passing the

collimated light beam through a 6-inch-long water column

(to filter IR part of the light) and condensing it with the

help of fused silica lenses (Oriel Corporation, USA). The

UV part of this IR-filtered light was cut off by using a long-

pass filter (Model no. 51280, Oriel Corporation, USA), and

the light obtained this way was used for irradiation. To

obtain the action spectrum (Jphoto-k) of the dye-sensitized

TiO2 electrode, monochromatic light-induced photocurrent

was measured with the help of a digital multimeter (Philips

Model No. 2525) in combination with the potentiostat. The

light was monochromatized, by using a grating

Titanium isopropoxide + Isopropanol

Continuous stirring at 80°C for 1 hour

Added surfactant HMT

1% AgNO3 solution added in above mixture

Continuously stirred at 80-90°C for 6 hour

Brownish colour precipitate obtained

Ag-doped TiO2 powder obtained

Washed 3 times by DI water, dried and heat at 100°C

Scheme 1 Synthesis procedure of preparing undoped and Ag-doped

TiO2
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monochromator (Oriel Model 77250 equipped with model

7798 grating). The width of the exit slit of the

monochromator was kept at 0.5 mm. The intensities of

light were measured with a digital photometer (Tektronix

model J16 with model J 6502 sensor).

3 Results and discussion

3.1 Material characterizations

3.1.1 Optical properties of undoped and Ag-doped TiO2

Figure 1 shows the absorption spectra of the undoped and

1 % Ag-doped TiO2 powders. From the figure, it is evident

that the undoped TiO2 shows absorption in UV region only,

whereas 1 % Ag-doped TiO2 shows appreciable absorption

in the visible region of solar spectrum. This clearly indi-

cates that the Ag doping has effectively extended the

spectral sensitivity of TiO2 in the visible region. The band

gap(s) of the undoped and 1 % Ag-doped TiO2 were

obtained using the following relation:

ahmð Þ1=2¼ B hm� Eg

� �
ð1Þ

where B is a constant, Eg the band gap of the material, a is

the absorption coefficient (cm-1) and hm is the photon

energy. Based on this equation, the optical band gap (Eg) of

the TiO2 was obtained by extrapolating the linear portion

of [(ahm)1/2 vs hm] plot to a ? 0 as shown in Fig. 2. The

results obtained have shown that the band gap became

narrower and red-shifted for Ag-doped TiO2 (3.10 eV for

the undoped TiO2 to 2.75 eV for 1 % Ag-doped TiO2). The

narrower band gap is in fact due to a downward shift in the

conduction band and upward shift in the valence band,

which leads to a decrease in the band gap. It facilitates

better conduction of electrons under illumination, and

therefore, improved light-harvesting properties of Ag-

doped TiO2 electrodes compared to undoped TiO2 are

anticipated.

3.1.2 FTIR spectra

The FTIR spectra of undoped and 1 % Ag-doped TiO2

recorded in the range of 4000–400 cm-1 are shown in

Fig. 3. It was observed that undoped and 1 % Ag-doped

TiO2 samples exhibited quite similar FTIR spectra. An

examination of the spectra reveals the peaks in the range of

400–900 cm-1, which are characteristics of the formation

of O–Ti–O lattice and Ti–O stretching mode [25]. The
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peak around *1630 cm-1 corresponds to bending vibra-

tion of H–O bond [26]. The broadband observed at

2900–3400 cm-1 may be assigned to the stretching vibra-

tion of –OH and weakly bound water molecules [27, 28].

3.1.3 X-ray diffraction

The doping of Ag in the TiO2 lattice was confirmed by X-

ray powder diffraction (XRD). Figure 4 shows the XRD

spectra for the undoped and 1 % Ag-doped TiO2 powders.

Its comparison with the JCPDS Card File No. 21-1272 has

proven that XRD patterns for all the samples have anatase

structure. The diffraction peaks that appeared at 25.3�,
37.8�, 48.1�, 54.0�, 54.9� and 62.7� (2h values) have been

assigned to d (101), d (004), d (200), d (105), d (211) and d

(204) planes (of the anatase type structure), respectively. In

fact, under the specific preparation conditions, the films are

comprised of anatase only and rutile phase was not

detected. From the broadening of X-ray diffraction peaks

and using the Scherrer equation (Eq. 2), the crystallite size

L has been estimated

L ¼ Kk=b cos h ð2Þ

K is a constant taken as 0.89, k is the wavelength of the

X-ray radiation (1.5418 Å), b is the full width at half

maximum height (FWHM) of the peak and h is the

diffracting angle. The average crystallite size of TiO2

powders determined from strongest peak at 25.3� (101

plane) was found to be 5 nm (1 % Ag-doped TiO2) and

9 nm (undoped TiO2), respectively. The X-ray diffraction

patterns of the silver-doped TiO2 samples almost coincide

with that of pure TiO2 and show no diffraction peaks due to

the silver species, thus suggesting that the metal particles

are well dispersed on the TiO2 surface. Doping with Ag

does not perturb the crystal structure of anatase TiO2,

indicating that the metal dopant is merely placed on the

surface of the crystals without being covalently anchored

into the crystal lattice. There are no diffraction pattern

characteristics of the Ag metal in the XRD patterns.

3.1.4 Surface morphological properties

3.1.4.1 SEM and EDAX Scanning electron microscopy

(SEM) was used to investigate the morphology as shown in

Figs. 5a and 6a for bare and 1 % Ag-doped TiO2, respec-

tively. The SEM results showed the rough morphology and

the presence of agglomerated nanoparticles. Bare TiO2

particles are irregular in shape and size of approximate

20 lm, whereas in the case of 1 % Ag-doped TiO2 parti-

cles are comprised of clusters of agglomerated nanoparti-

cles with the average particle size of about 0.5 lm
(\1 lm). SEM images of Ag–TiO2 nanoparticles confirm

the presence of porous, sponge-like structure and com-

plexity. Such structure indicates the high surface area,

resulting in greater adsorption of dye, which has been

proven to be useful for DSSC application. Such structure

aids in the penetration of the electrolyte and expected to

effectively enhance the efficiency [15]. The SEM revealed

that the distribution of silver on the surface of TiO2 is not

uniform, and silver-doped TiO2 contains irregular shaped

particles, which are the aggregation of tiny crystals.

From the EDX spectra as shown in Figs. 5b and 6b, the

chemical compositions of bare TiO2 and 1 % Ag-doped

TiO2, respectively, were obtained and are given in

Table 1(a, b), respectively. The characteristic peaks of Ag

were observed to confirm the presence of Ag. The

approximate weight percentage of Ag content was found to

be approximately 1.27 %.

3.1.4.2 HRTEM HRTEM was performed for determining

the sizes and morphology of the nanoparticles. HRTEM

characterization of the Ag-doped TiO2 nearly confirms the

presence of Ag in TiO2. The average particle diameter of

TiO2 and Ag-loaded TiO2 particles was in the range

8–12 nm and 2–6 nm as shown in Figs. 7 and 8, respec-

tively. The particles are irregular in shape but agglomer-

ated in both cases bare and 1 % Ag-doped TiO2.

3.1.4.3 AFM The structural effects of Ag doping leading

to morphological change were studied by AFM. In Figs. 9

and 10, the AFM images of the undoped TiO2 and 1 % Ag-

doped TiO2 are given. The three-dimensional AFM images

show the nature of height mode structures and surface

morphology. The estimated average rough surface mea-

surement of the undoped TiO2 and 1 % Ag-doped TiO2

surface was about 7.006 and 10.588 nm, respectively. The

section analysis of undoped TiO2 and 1 % Ag-doped TiO2

20 40 60 80
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(b)

In
te

ns
ity

 (a
.u

) (a)

(101)

(112) (200) (211) (204) (116) (215)

Fig. 4 XRD spectra for the a 1 % Ag-doped TiO2 and b undoped

TiO2 annealed at 450 �C
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surface was also done, and the morphological data obtained

from AFM images of undoped and 1 % Ag-doped TiO2 are

listed in Table 2. From the study of grain analysis, average

size and surface area were found to be approximately

130 nm, 0.0202 lm2 and 48 nm, 0.00265 lm2 for undoped

TiO2 and 1 % Ag-doped TiO2, respectively.

3.1.5 Electrochemical impedance studies

The structural effects of the Ag doping on the kinetic

behavior of dye regeneration and triiodide reduction

reaction taking place at TiO2 electrode and Pt counter

electrode, respectively, were further investigated by

electrochemical impedance spectroscopy measurements.

Figure 11 depicts the impedance spectra of DSSC based

on undoped TiO2 and 1 % Ag-doped TiO2 measured at

OCV in the frequency range 10-1–105 Hz. Two semi-

circles, including a small semicircle at high frequency and

a large one at low frequency, were observed in the

Nyquist plots of EIS spectra. The charge-transfer resis-

tance for TiO2/dye/electrolyte interface decreases with

decreasing the semicircle diameter in the Nyquist plot. In

the Bode phase plots, the frequency peak related to the

1 % Ag-doped TiO2/FTO electrode slightly shifted to a

relatively low frequency. The electron lifetime (sn) has

been estimated from equation, sn = 1/2pfmax, where fmax

is peak frequency. The sn was found to be 1.33 and

2.05 ms for DSSC with undoped TiO2 and 1 % Ag-doped

Fig. 5 a SEM micrograph for

undoped TiO2. b EDX spectra

for elemental analysis of

undoped TiO2

Fig. 6 a SEM micrograph for

1 % Ag-doped TiO2. b EDX

spectra for elemental analysis of

1 % Ag-doped TiO2

Table 1 EDAX data of (a) un-doped TiO2, (b) 1 % Ag-doped TiO2

Element Weight (%) Atomic (%)

(a)

O–K 57.40 80.14

Ti–K 42.60 19.86

Total 100.00 100.00

(b)

O–K 54.29 78.32

Ti–K 44.45 21.41

Ag–L 1.26 0.27

Total 100.00 100.00
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TiO2, respectively. This enhancement in electron lifetime

can contribute to an increase in the electron collection

efficiency, leading to the improved Jsc value. The

parameters obtained from the EIS studies are given in

Table 3. It was observed that both Rs and Rct decreased

for Ag-doped TiO2. The decrease in charge-transfer

resistance Rct of triiodide reduction according to the

reaction given as (3) on the counter electrode gives rise to

improved Jsc. The lower value of ohmic serial resistance

Rs, which is responsible for the high ionic conductivity,

may also cause the larger Jsc [29–31].

I3� þ 2e�cbðTio2Þ�!
ket

3I� ð3Þ

Therefore, the photocurrent density improvement is

related to the improved carrier transport properties of the

photoanode and Ag incorporation in TiO2 increases the

electrical conductivity, resulting in faster electron trans-

port, which results in a higher photocurrent [22].

3.1.6 Photoelectrochemical studies

3.1.6.1 Current–potential curve (J–V curve) The TiO2

powders (undoped TiO2 and 1 % Ag-doped TiO2) were

used to make photoanodes and, after coating with N719

dye, were applied in fabricating DSSC. Figure 12i shows

the photocurrent–potential (J–V) curves of such cells (dye-

adsorbed TiO2 electrode/electrolyte/platinum counter

electrode) determined under illumination with light of

140 mW/cm2 intensity. From the (J–V) curves, power

conversion efficiency (g) and fill factors (FF) were evalu-

ated using the following relations:

FF ¼ Pmax

Pideal

¼
Jmax A=cm2

� �
� Vmax Vð Þ

Jsc A/cm2
� �

� Voc Vð Þ
ð4Þ

g %ð Þ ¼
Jmax A=cm2

� �
� Vmax Vð Þ

Iinc W/cm2
� � � 100 ð5Þ

Fig. 7 HRTEM spectra of un-doped TiO2

Fig. 8 HRTEM spectra of 1 % Ag-doped TiO2
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here Jsc, Voc and Iinc are short-circuit photocurrent, open-

circuit potential and intensity of incident light, respec-

tively. With Ag-doped TiO2, JSC, VOC, fill factor and

overall efficiency were found to be 1.07 mA cm-2, 0.72 V,

0.73 and 0.4 %, respectively, under illumination of

140 mW cm-2 light intensity, whereas with undoped TiO2

under similar conditions, Jsc = 0.63 mA cm-2, Voc =

0.70 V, fill factor 0.45 and conversion efficiency 0.14 %

could be obtained. These output parameters are

summarized in Table 3. Therefore, *70 % increase in the

photocurrent of the cell based on 1 % Ag-doped TiO2

electrode was obtained as compared to the undoped TiO2.

The Voc value of DSSC with 1 % Ag-doped TiO2 electrode

was also increased slightly. The electron lifetime of DSSC

with Ag-doped TiO2 increased from 1.33 (for undoped

TiO2) to 2.05 ms, and consequently, electron recombina-

tion was reduced. Therefore, the increased Jsc value in

DSSC with 1 % Ag-doped TiO2 electrode may be

Fig. 9 a Two-dimensional and three-dimensional AFM images of undoped TiO2 sintered at 450 �C. b AFM image for grain analysis of undoped

TiO2. c Topography and section analysis AFM image of undoped TiO2 thin film (scan range 2.5 9 2.5 lm2, vertical scale 60 nm)
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attributed to the enhancement of the dye adsorption and

increased electron lifetime [32]. The increase in Jsc is

mainly due to enhanced optical absorption of the incident

photons. The enhanced Jsc with Ag doping implied that

resistance was smaller than that of undoped TiO2. It might

be a result of the fact that the silver nanoparticles in the

photoanodes shorten the electron transport pathways, allow

efficient electron transfer from the TiO2 layer to the sub-

strate and enhance the efficiency [21].

The photocurrent–potential (J–V) curves were recorded

for the Ag-modified photoanodes with different Ag con-

tents and are shown in Fig. 8ii. The observed results clearly

revealed that a further increase in the Ag content eventu-

ally led to a decrease in the conversion efficiency (Fig. 8ii;

Fig. 10 a Two-dimensional and three-dimensional AFM images of Ag-doped TiO2 sintered at 450 �C. b AFM image for grain analysis of Ag-

doped TiO2. c Topography and section analysis AFM image of Ag-doped TiO2 thin film (scan range 2.5 9 2.5 lm2, vertical scale 60 nm)
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Table 4). This is probably due to the fact that with increase

in Ag concentration the active sites were shielded by large

amount of Ag, leading to low carrier generation and

decrease in photo performance. Moreover, when the

amount of Ag loaded on the surface of TiO2 is large, Ag

becomes the recombination centre of photoelectron and

hole, which leads to a decrease in the Jsc and Voc, and

consequently, the overall conversion efficiency of the

DSSC gets deteriorated.

3.1.6.2 Power–potential curve The product of current

density and the voltage gives the power per unit area of the
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Fig. 11 Electrochemical impedance spectra showing a Nyquist plots

and b Bode plots for undoped TiO2 and 1 % Ag-doped TiO2

Table 3 Rs, Rct and sn of the undoped TiO2 and 1 % Ag-doped TiO2

films determined by electrochemical impedance spectroscopy

measurement

TiO2 samples Rs (X) Rct (kX) sn (ms)

Undoped TiO2 157 2.74 1.33

1 % Ag-doped TiO2 92 1.47 2.05

Table 2 Morphology data obtained from AFM images of undoped and 1 % Ag-doped TiO2

TiO2 samples Height parameters Section analysis

Root-mean-square

roughness (nm)

Average

roughness (nm)

Area peak-to-valley

height (nm)

Root-mean-square

roughness (nm)

Average

roughness (nm)

Peak-to-peak

height (nm)

Undoped TiO2 8.744 7.006 59.876 6.6993 5.8872 22.157

1 % Ag-doped TiO2 13.232 10.588 97.230 16.372 13.51 64.259
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Fig. 12 Photocurrent–potential curves of DSSC fabricated with.

i 1 % Ag-doped TiO2 and undoped TiO2 as photoanode sensitized

by N719 dye. ii Ag-doped TiO2 with varied concentration of Ag

(a) 1 % (b) 3 % (c) 5 % and (d) 7 %, as photoanode sensitized by

N719 dye
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cell, and it takes a maximum value at a particular point on

the J–V curve. The power curves were recorded for the Ag-

modified photoanodes with different Ag contents and are

shown in Fig. 13. The point at which the power becomes

maximum is known as maximum power point (MPP), and

in the present case, maximum power for 1 % Ag-doped

TiO2 and undoped TiO2 was obtained as 0.6 and 0.2 mW/

cm2, respectively, which are shown in Fig. 13.

3.1.6.3 Transient photocurrent–time profile The tran-

sient current–time profiles are recorded to know the speed

of the response of the photoanode to a light stimulus, and

the sustainability of the photocurrent observed initially on

illumination of the semiconductor electrode. For such an

assessment, the time-dependent response of a dye-sensi-

tized TiO2 electrode to light was determined in terms of the

short-circuit current, and the results for the Ag-modified

photoanodes with different Ag contents are shown in

Fig. 14. Somewhat greater decay was observed in case of

Ag-doped TiO2 compared to undoped TiO2.

3.1.6.4 Action spectra (IPCE vs k) To ascertain the

sensitization of photocurrent by the dye under investiga-

tion, the action spectrum of dye-modified TiO2 electrode

was determined and is shown in Fig. 15. The short-circuit

photocurrent (Jphoto) induced by monochromatic light was

determined in the 400–700 nm wavelength range. From the

values of Jsc and the intensity of the corresponding

monochromatic light (Iinc), the incident photon-to-current

conversion efficiency (IPCE) was calculated at each exci-

tation wavelength (k) using following equation:

IPCE ð%Þ ¼ 1240 Jphoto ðA=cm2Þ
k ðnmÞ � Iinc ðW=cm2Þ � 100 ð6Þ

An enhanced IPCE was obtained in case of 1 % Ag-

doped TiO2 compared to undoped TiO2. After doping with

silver, the response of TiO2 nanoparticles to visible light

was increased and showed red shift (toward longer wave-

length). The red shift of the absorption curve results in a

reduction of the band-gap energy and also the recombina-

tion rate and hence enhanced photoelectrochemical

behavior.

3.1.6.5 Long-term stability The stability of the DSSC

was assessed by measuring intermittently during 6 h the Jsc
of two selected cells fabricated with photoanodes of

undoped TiO2 and 1 % Ag-doped TiO2. From the results

shown in Fig. 16, it was observed that during prolonged

operation of the cell, the photocurrent was found to remain

almost stable without any significant deterioration.

Enhanced long-term stability was observed in DSSC
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Fig. 13 Power–potential curves of the DSSC fabricated with a 1 %

Ag-doped TiO2 and b undoped TiO2 as photoanode sensitized by

N719 dye

Table 4 Device performance of dye-sensitized solar cells obtained from the J–V curves shown in Fig. 12

TiO2 sample Jsc (mA/cm2) Voc (V) Power (mW/cm2) Fill factor (%) Efficiency (%) IPCE (%)

Undoped TiO2 0.63 0.70 0.2 45 0.14 11

1 % Ag-doped TiO2 1.07 0.72 0.6 73 0.40 16
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Fig. 14 Transient current–time curves of cell based on a 1 % Ag-

doped TiO2 and b undoped TiO2 thin film electrode sensitized by

N719 dye
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containing Ag because of the strong adsorption properties.

The optical band-gap energies decrease with the doping of

silver ions, which allow the delay in recombination rate

and enhance the photoelectrochemical behavior.

4 Conclusions

A simple approach to prepare Ag-doped TiO2 by sol–gel

method under optimized Ag content to fabricate a pho-

toanode for DSSC was demonstrated. The properties of the

as-prepared TiO2 powders and their thin films used as

photoelectrodes in N719-sensitized solar cells were studied

using UV–visible absorption, FTIR, XRD, AFM and PEC

characterizations. According to XRD analysis, the prepared

TiO2 samples consisted mainly of anatase phase of titania.

The optical band gap of the material was found to vary

from 3.10 eV (undoped TiO2) to 2.75 eV (Ag-doped

TiO2). Samples obtained with Ag dopant displayed dif-

ferences in visible light absorption abilities due to red

shifting of the band gap. The electron lifetime of DSSC

with Ag-doped TiO2 increased from 1.33 (for undoped

TiO2) to 2.05 ms. As a result of the longer sn, the device

fabricated using Ag-doped TiO2 showed improved Jsc
values compared to the undoped TiO2 photoanode-based

DSSC. The characterizations suggested that greater surface

coverage of the sensitizing dye with Ag-doped TiO2 is

responsible for better photovoltaic performance, and hence,

improved IPCE, Jsc and g values were obtained.
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