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In this paper, we report the solar cell performance of titania £fidn electrodes with various particle sizes.

It was found that the Ti@nanoparticle film with smaller particles10 nm in diameter resulted in a lower
overall light conversion efficiency of1.4% with an open-circuit voltage 6730 mV, a short-circuit current
density of~3.6 mA/cn?, and a fill factor of~54%. Larger particles-23 nm in diameter resulted in a higher
efficiency ~5.2% with an open-circuit voltage 6730 mV, a short-circuit current density 6f12.2 mA/

cn?, and a fill factor of ~58%. Although it was anticipated that particles with smaller diameters would
adsorb more dye because of their larger surface area, it was found that particles with larger diameters had
better dye adsorption for increased electrbole generation, resulting in higher short-circuit current density
and overall light conversion efficiency. Larger particles were shown to have better dye adsorption, indicating
that films consisting of larger particles had greater effective surface area for greater photon absorption and
electron-hole generation.

Introduction points between sintered colloidal particles or at the interface

) .. between the particles and the underlying substrate, allowing for
With the emergence of nanotechnology and the fabrication greater dye adsorption.

of various oxide materials in the nanoscale, opportunities for
developing new-age solar cells have surfak€tihe exploration
of light absorption and photocurrent generation in the conversion
of solar energy to electrical energy is in the nanosédlbus,
it is reasonable that the exploration in the development and
control of semiconductor materials at the nanometer scale for particles exhibit a larger number of grain boundaries where

use in solar cells has emerged. electrons need to pass through, which results in a higher
To this point, the most efficient electrodes in dye-sensitized probability of electron trappiné18

solar cells have been 18m thick mesoporous Ti9film In this report, solar cell electrodes consisting of TiO

consisting of an interconnected network of nanometer-sized nanoparticle film with varying particle sizes were studied and

crystals~20 nm in size’:? It has been shown that this type of  compared to determine whether the electron-transport properties

structuré~*! imparts a large enough surface area for suitable ang the overall light conversion efficiency are influenced by

dye adsorption, efficient light absorption, and charge formation. the differences in particle size. The particle size of Ti@as

In 1993, it was found that dye-sensitized solar cells were able \5ried from ~9 nm to ~23 nm in diameter by way of

to attain efficiencies close to-10%:? Two decades later,  hydrothermal crystallizatid?°at varying temperatures for 60

efficiencies have only gone up t911%;34which is so far  min, Films were fabricated from all hydrothermally treated FiO

the highest efficiency obtained. nanoparticle powders and were tested under illumination, and
One area that has not been systematically explored is thethe I-V behavior of all TiQ nanoparticle films from solar cell

particle size of the Ti@film electrode. By utilizing electrodes  analysis was compared.

consisting of smaller or larger Tiarticles, an understanding

of the effects of particle size on the overall solar cell Experimental Procedures

erformance of dye-sensitized solar cells can be obtained. S . . N
P y . . . (1) Fabrication of TiO, Nanoparticles. Titania (TiO,) soF!
There are a few advantages associated with using smaller or.

. ) . was prepared from precursor materials by way of—gml
I'?_lrger pg}[EuI:Ies, wh|c|:_ clan |Ir]1fluer|10e the soltar (t:e” petrfobrrr:ance. processing. The chemicals used in making Ji€dl were
1Ims with farger particies have larger contact points between titanium(1V) isopropoxide (97%, Alfa Aesar, Ward Hill, MA),
sintered colloidal particles or at the interface between the

el dth derlvi bstrate. allowing f er d glacial acetic acid (Fisher Scientific, Fair Lawn, NJ), and
particies and the underlying substrate, allowing tor €asier Ay€ qyqiq 704 water. All the Ti@nanopatrticle films were prepared
access and better dye assembly. Films with smaller particles

n transparent, conductive fluorinén—oxide (FTO)-coated
have a larger surface area and have a greater number of conta lass substrates (TCO10-18 ~ 10 ohm/sq, Solaronix SA
Switzerland) for film characterization and solar cell analysis.

“To whom correspondence should be addressed. E-mail: gzcao@  The so| was prepared by dissolving titanium(1V) isopropoxide
u.washington.edu.

T University of Washington. [Ti(OCH(CHa)2)4] in glacial acetic acid [CHCO,H] and by
* Pacific Northwest National Laboratory. adding deionized water (BIH,0O) to give a nominal molar ratio
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However, utilizing larger or smaller particles has disadvan-
tages as well. Films consisting of larger particles have a smaller
surface area, where less surface is available for dye adsorption,
possibly reducing the amount of light absorbed and the number
of electrons and holes generated. Films consisting of smaller
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of 1.02:10.5:16.6 for Ti[OCH(CH)2]4:CH3COH:DI—H,0, substrate facing the TiQvorking electrode. Each solar cell was
respectively. The solution was stirred for approximately 30 min held in place with two heavy duty clips on opposite ends.
at room temperature after the instantaneous formation of a white  An jodide-based solution was used as the liquid electrolyte,

precipitate disappeared and the solution became clear. Theconsisting of 0.6 M tetra-butylammonium iodide (Sigma-
resultant sol had a pH value of2, resulting in positively  Aldrich, St. Louis, MO), 0.1 M lithium iodide (Lil, Sigma-
charged TiQ sol particles since the pH is lower than its Aldrich, St. Louis, MO), 0.1 M iodine ¢ Sigma-Aldrich, St.
isoelectric point (IEP~ 6.2). The sol was clear and stable at | ouis, MO), and 0.5 M 4-tert-butyl pyridine (Sigma-Aldrich,
room temperature for up to 7 days but was storee-20 °C St. Louis, MO) in acetonitrile (Mallinckrodt Baker, Phillipsburg,
when not in use to minimize reactions. Sonication for 10 min NJ). Right before analysis, drops of the liquid electrolyte were
was done to bring the sol back to room temperature and to introduced to one edge of the sandwich, where capillary force
disperse the sol particles before use. was used to spread the liquid electrolyte in between the two

The TiO, nanoparticle powders were obtained by hydrother- electrodes. The light source was placed next to each solar cell
mally treating TiQ sol using a small autoclave. Using this type device, allowing light to penetrate through the FTO back contact
of sealed reaction chamber allowed for low-temperature heatingto the dye adsorbed onto the Ti@anoparticle film electrode.

and relied on a higher pressure in an aqueous environment for - (4) Amount of Dye Adsorption. The amount of dye adsorbed
crystallization of TiQ. For each hydrothermal treatment, \vas determined for all the Tihanoparticle powders and films
approximately 10 mL of Ti@sol was placed in a polytetrafluo-  with various particle sizes using the method of dye elution,
roethylene cup (PTFE, Parr Instrument Co, Moline, Il) and was which has been commonly used in controlled drug release
sealed in an acid digestion bomb (Parr Instrument Co, Moline, studies?? Approximately 0.02 g of each TiOpowder was

Il). The entire chamber was then heated to as high as’800  jmmersed in 5 mL of N3 dye for-24 h. Each TiQ film on

(the maximum temperature allowable for this type of chamber) FTO was immersed in 5 mL of N3 dye fer24 h. The immersed

for 60 min and as low as 108C for 60 min. Hydrothermal  powders were separated from the dye solution by centrifugation
treatment was performed for 60 min at 100, 150, 200, 250, or for ~2 min, and the immersed films were directly removed to
300 °C to study the variation in particle size by varying the analyze the resultant dye solution after dye adsorption. The
hydrothermal treatment temperature. After heating to a specific intensity of the absorption peak of the resultant dye solution
temperature and time, the sol became a pastelike substance ifter dye adsorption was compared to the absorption peak of
all cases. This was then allowed to dry at T@for 24 hand the initial N3 dye solution with a concentration 66 x 1074

the resultant crystals were ground into a powder using a mortarn in ethanol to determine the number of moles adsorbed.

and pestle. (5) Analysis TechniquesX-ray Diffraction (Philips PW1830

(2) Fabrication of TiO, Nanoparticle Films. For solar cell  piffractometer) was used to verify the phase, crystal structure,
testing, TiQ nanoparticle films with~10 um thickness were  and particle size of the TiOnanoparticle powders and films.
prepared from the various hydrothermally treated liano- The diffractometer was set at 40 kV working voltage and 20
particle powders. Samples of 10n thick TiO, nanoparticle  mA working ampere. Powder samples were placed in a polymer
film were directly deposited onto conductive fluoririn—oxide holder and were placed into the diffractometer for analysis, and

(FTO) glass substrates by doctor-blading a dispersion ef 20  film samples were attached to a glass slide and were inserted
30 wt % powder in ethanol solution. Before preparing the film, into the diffractometer for analysis. All samples were scanned
the surfaces of the FTO substrates were hydrolyzed by heatingfrom 20° to 8° 26 at a rate of 0.02 scans/second using X'Pert
to 90-100°C in DI-H0 for 30—60 min. Industry Philips XRD software. The particle sizes of the various
After the substrates were air-dried, two parallel edges of each prepared powders and films were also analyzed using JADE
substrate were covered withl0um thick scotch tape to control  software (MDI JADE 7 Materials Data XRD Pattern Processing,
the thickness of the film. To form the film, five drops of the Identification, and Quantification).
powder dispersion were placed at the center of each substrate Scanning electron microscopy (SEM) (JEOL JSM-5200,
and the edge of a glass microscope slide was used to spreageQL 840A, JSM-7000) was used to study the morphology of
the solution to form an even 1m layer after sliding over the  the TiQ, nanoparticles and films. The powders and films were
tape-covered edges. The film was then dried in air at X0 placed on an aluminum SEM stub, using either conductive
for 1 h and was sintered at 50C for 1 h at aheating rate of  carbon tape or a layer of silver paste for attachment. All samples
2 °C/min. were sputter-coated with a thin layer of Au/Pd or Pt prior to
Before solar cell testing, the Tidilms were heated to 70  SEM observation for better imaging. The images were obtained
°C and subsequently were immersed in standard ruthenium-at 15 kV from 5006 up to 80 00« magnification, depending

based red dye (N3)is-bis(isothiocyanato)bis(2,Dipyridyl- on the sample.
4,4-dicarboxylato)ruthenium(ll) (Solterra Fotovoltaico SA,  Electrical characteristics and photovoltaic properties of each
Switzerland), with a concentration close t0>510* M in solar cell were measured using simulated AM1.5 sunlight

ethanol for~12 h. The samples were then rinsed with ethanol jllumination with 100 mW/cr light output. An ultraviolet solar
to remove excess dye on the surface and were air-dried at roomsimulator (Model 16S, Solar Light Co., Philadelphia, PA) with
temperature. a 200 W xenon lamp power supply (Model XPS 200, Solar
(3) Solar Cell Assembly.Colloidal liquid silver (Ted Pella Light Co., Philadelphia, PA) was used as the light source, and
Inc., Redding, CA) was placed at the electrical contacts to a semiconductor parameter analyzer (4155A, Hewlett-Packard,
improve the contact points and was allowed to cure for 30 min Japan) was used to measure the current and voltage. The
at room temperature. Sheets of weigh pap80—40 um thick intensity of the light source provided by the xenon lamp was
were cut into small pieces1 mm x 4 mm in dimension and  measured with a photometer/radiometer (PMA2200, Solar Light
were used as spacers. A spacer was placed at each edge of théo., Philadelphia, PA) connected with a full spectrum pyra-
TiO2 working electrode and the counter electrode consisting of nometer (PMA2141, Solar Light Co., Philadelphia, PA). All
a Pt-coated silicon (Si) substrate with a Pt layer thickness of the |-V curves of the solar cells were obtained in the dark and
~180 nm was placed on top, with the Pt-coated side of each Siunder illumination, where a voltage range fron®.3 to 2 V
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was used during each measurement. Th¥ kcharacteristics
as a function of incident light intensity were used to obtain the
open-circuit voltageV\oc), short-circuit current densityl{), the
maximum voltage point \(nay, and the maximum current
density point Jmay. Multiple samples were tested for each 7iO
film with specific particle size, resulting in reproducible results
with slight deviations in the short-circuit current @&0.05 mA),
open-circuit voltage 4 +£10 mV), and the light conversion
efficiency (~ +0.02%).

Optical absorption (Ocean Optics Inc, Dunedin, FL) was used
to analyze the absorption peak of the resultant dye solutions
after dye adsorption on the Ti@anoparticle powders and films
to determine the amount of dye adsorbed on the surface. The
solutions were placed in cuvettes and were scanned in the
analysis chamber from 900 to 400 nm wavelengths using Ocean
Optics software. The solution used as the background sample
was ethanol. The intensity of the absorption peak of the resultant
dye solution was compared to the intensity of the absorption
peak of the initial dye solution.

The surface area was based on theoretical values using the

crystal size results from X-ray diffraction (XRD) analysis. Initial
BET (BrunaeurEmmett-Teller) analysis was performed on
one TiG powder sample (hydrothermal treatment at 2&0

for 60 min) and was compared to the theoretical value through
calculations using the following equations:

SA= (7l'-"&particles.>< Apartile - Wsample

#

particles=

V,

S

= 7R°h = (g)nrz

ample+ Vparticle

— 2 —4
Aparticle_ 4nr® x 10

where SA= surface area in g, #harices= NUMber of particles,
Apariicle = area of each particle in fM\Wsample = total sample
weight in g, Vsample= volume of sample area in &pramde=
volume of each spherical particle in éniR = radius of sample
area in cmr~ 0.4, h = thickness of film sample in cny 0.001,
r = radius of each particle in cm.

The surface area values found from BET were very similar
to that found from theoretical calculation with a difference of
~0.2 nt/g. Therefore, the same calculations were done for all
the TiO, powder samples on the basis of the particle size and
those values were used as the estimated surface areas.

Results and Discussion

XRD analysis was done on TpOnanoparticle powders
obtained by hydrothermal treatment for 60 min at temperatures
of 100, 150, 200, 250, and 30C and on TiQ films prepared
from the hydrothermally treated Ti(owders. Additional SEM
analysis was also used to examine the film morphology;
however, it was difficult to see any distinction between the
various films, as the variation in particle size among the films
was in the nanometer ranges12 nm), as found from XRD
analysis. In addition, the resolution of the SEM was not
sufficient enough to distinguish any differences between the
nanometer-sized particles and to determine the pore structure
Therefore, the results from XRD analysis were sufficient enough
to compare the particle sizes of the various films, and the
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Figure 1. XRD peaks of TiQ nanoparticle powders obtained by
hydrothermal treatment for 60 min at 100, 150, 200, 250, and°800
temperatures. The peaks represent the anatase phase,of TiO
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Figure 2. XRD peaks of TiQ nanoparticle films obtained from
hydrothermally treated Ti©nanoparticle powders, showing that the
anatase phase is present. Extra peaks are from the underlying FTO
substrate.

of TiO,. Figure 2 shows the XRD patterns of the ifims

made from the same TiOpowders on FTO substrates and
sintered at 500C for 1 h. The XRD pattern of FTO is also
shown for comparison. Although the intensity of the peaks is
too small, it was found that the (101), (200), (105), (211), and
(204) peaks are present for all the films, representing the anatase
phase of TiQ. Additional peaks in the XRD figure represent
the FTO substrate.

By analyzing the XRD peaks, the particle sizes of each,TiO
powder and film sample were calculated. The (101), (200), and
(211) peaks were used to estimate the particle size of each TiO
powder and film sample by averaging the particle sizes at each
peak for each Ti@sample. These three peaks were present for
both powder and film form; therefore, these peaks were used
to estimate the particle size. The particle sizes were estimated
at each peak using the Scherer equation:

t=(0.9) = (B cos6p)
wheret is the particle size in angstromkjs equal to 1.54056
A, the wavelength for Cu &, radiation,B is the width of the

resultant particle sizes were used to estimate the surface aregpeak at an intensity equal to half the maximum intensity in

Figure 1 shows the XRD patterns of the Ti@owders
obtained by hydrothermal treatment at various temperatures. It
can be seen that the crystallinity improves as the hydrothermal

radians, and)g is the diffracted angle at maximum intensity.
Table 1 summarizes the actual particle sizes of (1, p@vders
obtained at various hydrothermal treatment temperatures for 60

treatment temperature increases, all showing the anatase phasain and (2) TiQ films prepared from the various Tigpowders
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TABLE 1: Comparison of the Average Particle Size of TiQ 14 -

Nanoparticle Powders and Films Obtained from s m
Hydrothermal Crystallization at Various Temperatures for 12 154 nm
60 mind «10.7 nm
average particle size (nm) 2 10 4 *9-80 nm
temperature®C)  time (minutes) powder film g
E 8-
100 60 6.72 9.80 z
150 60 7.06 10.7 2 p
200 60 9.66 15.3 2 v
250 60 13.6 18.9 5
300 60 17.7 22,5 S 4
2The TiG; films had additional sintering treatment at 5T0 for 60 5
min after deposition on FTO substrates.
24 0 ‘ . ‘ ‘ ‘ ‘ ! )
2 0 100 200 300 400 500 600 700 800
20 1 Voltage (mV)

Figure 4. Plot of the -V behavior of solar cells consisting of T3O
nanoparticle films with various particle sizes. The overall light
conversion efficiency was calculated from the short-circuit current
density, open-circuit voltage, and the maximum output values.
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To compare the particle size effect on the overall performance
of TiO, film electrodes, solar cell analysis was performed on
TiO, films with various particle sizes. Solar cells consisting of
] TiO; film electrodes with TiQ particles with~9.8, ~10.7,
i DT?Oz film ~15.3,~18.9, and~22.5 nm diameters were assembled and
o TiO2 powder tested under illumination with 100 mW/éimtensity. Figure 4
‘ ‘ ‘ ‘ ‘ ‘ compares the+V characteristics of each solar cell consisting
%0 10 150 200 20 300 330 of TiO, film with varying particle size as indicated. Table 2
Temperature (C) summarizes the measured and calculated values obtained from
Figure 3. Comparison of the particle size as a function of the the |-V curves of each solar cell. It can be seen that the open-
hydrothermal treatment temperature. All samples were treated for 60 ¢jrcyjit voltage and the fill factor remained fairly constant in
‘r)rgnfat various temperatures, as |nd|cateq. Additional sintering at 500 the range of~720 mV and~56%, respectively. This trend is
or 60 min was performed for all the film samples. . . . -
expected since the Tihanoparticle powders and films were
all prepared from the same TiQBol and were prepared in the
and sintered at 508C for 1 h. Figure 3 is a comparison of the ~Same manner therefore resulting in the same surface chemistry
particle size for TiQ nanoparticle powders and films, relative and particle packing. The most notable trend is the change in
to the temperature used to hydrothermally treat, 60 min. ~ Short-circuit current density and overall light conversion ef-
The particle size correlates with the temperature used, whereficiency, which correlates with the particle size.
the size increases with increasing temperature. It has been The slight change in particle size from9.8 nm to~10.7
estimated that sol particles prepared through-gel processing nm resulted in a small increase in short-circuit current density
are~4 nm in size. With additional hydrothermal treatment, the from ~3.6 mA/cn? to ~3.8 mA/cn? and a slight increase in
particle size increased t96.7 nm at 100°C, ~7.1 nm at 150 overall light conversion efficiency from-1.4% to ~1.5%,
°C,~9.7 nm at 200C, ~13.6 nm at 250C, and~17.7 nm at respectively. A larger increase in particle size resulted in a larger
300 °C. With further 500°C sintering fo 1 h after film increase in short-circuit current density and overall light
formation, the particle size increased furthert®.8 nm at 100 conversion efficiency. The short-circuit current density increased
°C, ~0.7 nm at 150C, ~5.3 nm at 200°C, ~18.9 nm at 250 further to ~6.4, ~10.6, and~12.2 mA/cn? with a further
°C, and~22.5 nm at 300C. Additional sintering of the films  increase in particle size t6-15.3, ~18.9, and~ 22.5 nm,
at 500°C for 60 min was necessary to initiate sintering of respectively. In addition, the overall light conversion efficiency
contact points between particles and between particles and théncreased to-2.6,~4.3, and~5.2% with the increase in particle
underlying substrate to have sufficient electrical contact for the Size to~15.3,~18.9, and~22.5 nm, respectively. Figure 5 is
purpose of solar cell testing. In addition, since the hydrothermal a plot of short-circuit current densitydg) and overall light

Particle Size (nm

chamber was limited to a temperature of 3@without rupture, conversion efficiencys() as a function of TiQ particle size.
higher temperatures were not used to possibly increase the It is thought that the increasing trend in short-circuit current
particle size even further. density and overall light conversion efficiency relative to the

TABLE 2: Summary of the Open-Circuit Voltage, Short-Circuit Current Density, Maximum Voltage and Current Output, Fill
Factor, Power Output, and Overall Light Conversion Efficiency Relative to the TiO, Particle Size

particle size Voc Jsc Vinax Jmax FF Prax Pin Ui
(nm) (mV) (mA/ cn?) (mV) (mA/ cnP) (%) (mW/cn?) (mW/cn) (%)
9.80 730 3.59 510 2.75 53.5 1.40 100 1.40
10.7 710 3.75 500 2.98 56.0 1.49 100 1.49
15.3 710 6.39 500 5.17 57.0 2.59 100 2.59
18.9 720 10.6 470 9.04 55.7 4.25 100 4.25

22.5 730 12.2 490 10.6 58.3 5.19 100 5.19
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Figure 7. Comparison of the estimated surface area and the amount
of dye adsorbed on Tignanoparticle powders obtained by hydrother-

Figure 5. Comparison of the short-circuit current density and the

overall light conversion efficiency as a function of particle size. With

increasing particle size, the short-circuit current density and overall
light conversion efficiency increases.

mal treatment at various temperatures. With increasing patrticle size,
the surface area decreases but the amount of dye adsorption increases.

TABLE 3: Summary of the Amount of Dye Adsorbed and
the Overall Light Conversion Efficiency of TiO,

140 T T 70 Nanoparticle Films Relative to the TiO, Particle Size and
Surface Area
o7 T § dye overall
2 £ temperature time particle  surface adsorption efficiency
% 100 T 50 g,; (°C) (minutes) size (nm) area (M/g) (mmol/kg) (%)
2 %0 | L 100 60 9.80 128.2 20.8 1.40
8 > 150 60 10.7 117.4 22.4 1.49
E § 200 60 15.3 82.1 29.9 2.59
s 07 T 250 60 17.0 73.9 445 4.25
< & 300 60 22.5 55.8 61.8 5.19
£ 40 +20 5
0 % decreased with increasing particle size. One possible explanation
20 1o Surface Area T 106 for this trend was brought up by Grant et @ where it was
= Dye Adsorption reported that smaller particles resulted in smaller pore sizes and
0 ‘ ‘ ‘ ‘ 0 larger particles resulted in larger pore sizes after sintering at
9.80 10.7 153 17.0 25

elevated temperatures. The work in Grant et al. concentrated
on the use of much larger bulky polymers for pore filling, where
Figure 6. Comparison of the estimated surface area and the amountthe difference in pore size is important for the access of the
of dye adsorbed on TiOnanoparticle film as a function of particle  |ong-chain conjugated polymer sensitizer. In this case, however,
size. With increasing parthle size, the surface area decreases but the; jg possible that the larger particles sintered together resulted
amount of dye adsorption increases. in larger pore sizes for easier access of dye, but since the dye
increase in particle size could be due to the better dye adsorptionis relatively small, the pore size may not have been a major
characteristics of the larger particles. More dye adsorption canfactor in the amount of dye adsorbed.
also be influenced by the presence of larger contact points for To show that the pore size may or may not have played a
easier access of the dye, which would increase the generatiorrole in the amount of dye adsorbed, the amount of dye adsorbed
of electron-hole pairs. This increase in the generation of on TiO, nanoparticle powder before film formation and sintering
electron-hole pairs with increasing particle size is evidenced at elevated temperature was analyzed and compared. On the
by the increase in short-circuit current density values, as basis of this analysis, it was determined that the amount of dye
previously indicated. To compare the dye adsorption charac- adsorbed was not completely influenced by the pore size. Figure
teristics of the TiQ films with various particle sizes, optical 7 compares the estimated surface area and the amount of dye
analysis of the resultant N3 dye after the immersion of each adsorbed on the surface of the various Fi@anoparticle
film was compared to that of the initial N3 dye solution to powders relative to the particle size. Table 4 summarizes the
calculate the amount of dye adsorbed onto each film. Figure 6 values of the estimated surface area and the amount of dye
compares the estimated surface area and the amount of dyedsorption of the prepared Ti@owders relative to the particle
adsorbed on the surface of each Titanoparticle film relative size obtained by hydrothermal treatment at various temperatures.
to the particle size. Table 3 summarizes the values of surface By utilizing the TiO, nanoparticle powders to determine and
area, amount of dye adsorbed, and overall light conversion compare the amount of dye adsorbed, it can be determined
efficiency of the prepared Ti©films relative to the particle  whether the surface area influenced the amount of dye adsorbed
size obtained by hydrothermal treatment at various temperaturesvithout the pore size as an influential factor. From the analysis,
and additional sintering at 50T for 60 min. it was also found that the amount of dye adsorbed on the surface
It was found that the amount of dye adsorbed on the surfaceincreased with increasing particle size, even with the decrease
increased with increasing particle size. This is interesting to note in the amount of surface area allowable for dye adsorption. It
since the amount of surface area allowable for dye adsorptionwas anticipated that the amount of dye adsorption would

Particle Size (nm)
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TABLE 4: Summary of the Particle Size, the Estimated 150 1 T 60
Surface Area, and the Amount of Dye Adsorption of TiG,
Nanoparticle Powders Obtained by Varying the 140 & >
Hydrothermal Treatment Temperature for 60 min S 130 L I
~ c
temperature  time particle surface  dye adsorption k) 2
(°C) (minutes) size (nm) area (M/g) (mmol/kg) g 1207 T3
<
100 60 6.72 186.9 9.18 g 110 + E
150 60 7.06 177.9 13.6 £ T 45 &
200 60 9.66 130.0 18.9 @ 100 £
250 60 13.6 92.4 47.5 3 . Lok
300 60 17.7 71.0 56.8 i )
2 4 3
increase with decreasing particle size or, in other words, “ 80 L35 =
m Surface Area ®,

increasing surface area. 70
However, this was not the case, indicating that the surface
area and the pore size were not factors in the amount of dye
adsorbed. If the trend for Tipowder showed that the amount
of dye adsorbed increased with increasing surface area, or
decreasing particle size, then it can be determined that the pore-igure 8. Comparison of the estimated surface area and the amount
size played a role in the amount of dye adsorbed since the trend® W8 TRTIet o, Tt E Do e eface
Iﬁ;t-l—tlf% S(l)r:f S"?Qg r?;c\iNdmeorfe d(;?zrne?ﬁ flllt_u\e/\rllise Igglil]l}e/ ;hrgggm of area decreases but the amount of dye adsorption remains fé\irly constant.
dye adsorbed on the surface than the actual surface areaTABLE 5: Summary of the Particle Size, the Estimated
However, the similarity in the trend for the amount of dye Surface Area, and the Amount of Dye Adsorption of Ti0
adsorbed for both Ti@nanoparticle films and powders shows Hagop;ﬁrtlcle |P_|9Wdters Ottllﬁ‘."“”edtb%’s\éa}%'ng the
that other factors most likely played a role in influencing the ydrothermal Treatment Time a

o Dye Adsorption

3
8

8.93 10.6 13.6 14.0

Particle Size (nm)

amount of dye adsorption. temperature  time particle surface  dye adsorption
One possibility previously mentioned for the decreased dye ___©) (minutes) size (nm) area (m/g)  (mmol/kg)
adsorption with decreased particle size is that films with smaller 250 20 8.93 140.6 45.5
particles have smaller pores that may restrict the access and 355;8 gg ig-g 1;?-2 js-g
adsorption of dye molecules. However, the data showing similar 250 120 140 897 478

dye adsorption trends for Tiganoparticle powders and films
contradict this possibility. The size of the dye molecules is also
relatively small, which would lead us to believe that pore size
was not a factor in the difference in dye adsorption.

Other possibilities for influencing the dye adsorption on the
surface of TiQ could be (1) the variation in the facets obtained
from varying the hydrothermal treatment temperature and (2)
the variation in the surface curvature of sintered particles as
influenced by the particle size, both of which surface energy
may depend upon. The variation in facets with varying hydro-
thermal treatment temperature may show differences in surface
energy® after sintering, where facets obtained at higher tem-
peratures may result in higher surface energy and facets obtaine
at lower temperatures may result in lower surface energy. In
addition, the smaller or larger curvature at the contact points
between particles after sintering may lead to lower and higher
surface energy, respectively.

On the basis of the results obtained for Fi@anoparticles
obtained by hydrothermal treatment at 2&Dfor various times,
the results indirectly show that the surface energy may be one
of the key parameters. Figure 8 compares the estimated surfacé
area and the amount of dye adsorbed on the surface of th
various TiQ nanoparticle powders relative to the particle size.
Table 5 summarizes the values of particle size in powder form It was found that larger particles resulted in higher short-
obtained by hydrothermal treatment at various times and the circuit current density and overall light conversion efficiency.
amount of dye adsorbed relative to the particle size. It was found Films consisting of TiQ nanoparticles with~10 nm diameter
that the particle size slightly increased with increasing time; resulted in a short-circuit current density 8.6 mA/cn? and
however, the amount of dye adsorbed remained fairly constantan overall light conversion efficiency of1.4%. With an
with a variation within 2 mmol/kg. The dye adsorption increase in the particle size 1623 nm diameter, a higher short-
behavior of the Ti@ nanoparticles was very similar and did circuit current density of~12.2 mA/cn? and a higher overall
not vary dramatically with increasing hydrothermal treatment light conversion efficiency of~5.2% was obtained. This
time. Since the particles were all synthesized at the sameincrease in short-circuit current density and overall light
temperature, the surface morphology of the particles in all casesconversion efficiency, which correlates with the increase in
is expected to be very similar; thus, the surface energy is particle size, may have been due to the better dye adsorption
expected to be similar as well. behavior of the larger TiEnanoparticles, where larger particles

The similarity in the dye adsorption behavior independent
of the particle size for Ti@nanoparticles obtained by hydro-
thermal treatment at 25 for various times possibly indicates
that the dye adsorption behavior may have been influenced by
the surface energy related to the variation in facets or surface
curvature possibly obtained at varying hydrothermal treatment
temperatures. There is some evidence to support the idea that
the surface energy may play a key role in the difference in dye
adsorption between large and small particles. However, it is
inconclusive as to the exact reasoning behind the difference in

ye adsorption behavior relative to the particle size. Therefore,
urther studies into the structure of the facets and the surface
curvature of sintered particles in relation to the corresponding
surface energy are required to understand the effect of TiO
particle size on the dye adsorption. This area of study would
be worthy of pursuing in future work to identify the exact
reasoning for the dye adsorption trend, where films and powders
with larger particles adsorb more dye than that with smaller
articles.

e .
Conclusions
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allow for more dye adsorption through easier access of dyes, (10) Grazel, M.J. Photochem. Photobiol., C: PhotochemsR2003

ing i i 4, 145
resulting in a greater generation of electrons and holes. (1) Hagfeldt, A.: Gitzel, M. Chem. Re. 1095 95, 49.
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