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Beneficial effects ofin situ photopolymerized polyli-(ethylene glycot2-ethyl hexyl ether acrylaie(PDEA) in the pores of
dye-coated TiQ film on the photovoltaic characteristics of dye-sensitized solar ¢BIBSC3 are reported. We have found
remarkable enhancements of short-circuit photocurtépt by 39% and of open-circuit voltagé/,.) by 40 mV for the PDEA-

modified DSSC compared with those of a conventional DSSC. This led to an enhancement in the overall solar energy conversion
efficiency of 4.9% for the modified cell over 4.0% for a cell without PDEA at 100 mV¢/dvtoreover, the PDEA modification

has led to improved long-term stability of the DSSC. Analyses of optical absorption and transient photocurrent of the cells suggest
that the increased concentration of photo-injected electrons as a result of blocking of trap states gorfibutes to the
enhancement in th& of PDEA-modified DSSCs. Th¥, increase is attributed to an improved screening of the conduction band
electrons from J” ions in the presence of PDEA adhered to Jigarticles.
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DSSCs have emerged as a viable substitute to solid-state silicoat 450°C for 30 min according to a procedure described elsevihere.
solar cells over the past decali®DSSCs assume importance pri- The annealed Tifilm of about 18uwm thickness was coated with
marily due to their low production cost and eco-friendly nature. The Ru(1l)L,(NCS), (where L = 2,2-bipyridyl-4,4’ -dicarboxylic acid,
mesoporous Ti@film is anchored with a monolayer of sensitizing Solaroniy by immersion in 0.3 mM ethanol solution for 24 h.
dye molecules. Highly porous structure of the Fidm along with Chemicals of high purity were obtained from Aldrich unless other-
efficient electrolyte penetration in its pores resulted in an impres-yise specified.
sive solar conversion efficiency of 11% achieved recently in a A schematic setup fain situ polymerization is shown in Fig. 1.
DSSC with /17 electrolyte to which guanidinium thiocyanate was A dye-coated TiQ film with a geometric area of 0.25 dmwas
added The major disadvantages of liquid electrolytes, however, sandwiched with another glass plate separated by am&hick
include (i) problems due to instability of sealants with long-term spacer. The polymerization mixture, which consisted ¢éttlylene
use; (i) precipitation of salts at low temperatures; &fij solvent  glycol) 2-ethylhexyl ether acrylate as monomer, benzoin ethyl ether
evaporation at high temperatures. o as initiator(2 wt % of monomey, 0.45 M LiCIO, as electrolyte, and

There have been several attempts tlo replace the liquid eleCtrOétherne carbonate as plasticiz&d wt % of monomer, was intro-
lytes with gel-type polymer electrolytés," hole transporting mate- gy ced into the space between the dye-coated, Electrode and the
rials based on p-type semiconductors such as CUSCN ant€ll, glass plate. Photopolymerization was carried out by illumination
conducting polymers like PEDOT and polypyrl’lﬂ% as hole rans- 000 the glass plate sid©riel 300 W Xe lamp at a light intensity
port materials,_ or room temperature ionic mefts’ P_olymer elecf of 10 mW/cn? for 3 min. After polymerization, the assembly was
trolyte ~ matrices  containing ethylene  oxide  moIeties, yisanted and the excess polymerization mixture was removed
poly(epichlorohydrin-co-ethylene oxitievere employed for immo- from the TiO, electrode(hereafter, PDEA/dye/TiQelectrodg by

el — - . 8 . .
ﬁ'“ﬁ"}grlé/'n |rr111iDSrSCsnb eenPaic(leet "ﬂd to |pvest|?er1]terelecrt1rioc d washing with anhydrous ethanol. PDEA in Tiim was character-

ansier dynamics recently. Yanagida and Co-researcners achieved ;.\ i o Bomem, Hartman & Braun MB series FTIR spectrom-
a solar conversion efficiency of 2.62% under 1 sun using DSSCs

i e : eter and with a Hitachi S-4300 microscope for FE-SEM images and
modified with in situ photopolymerized po[®2-(2-methoxyethoxy . . i
ethyl acrylatd.*® Mao et al. have describeih situ photopolymeriza- energy dispersive X-ray spect(@8DX).

; ; . ) A DSSC was assembled using a PDEA-dye-J@&ectrode and a
tion of di(ethylene glycol ethyl ether acrylate in n-type G 0) Pt counter electrode as described elsewfdiee space between the
photocells that used ferrocene as redox electréfitdowever, in

o two electrodes was adjusted to @B using Surlyn tape.
most of the cases, efficiencies of polymer electrolyte cells werep . liquid electrolyte, composed of 0.6 M 1-hexyl-2,3-

rmited due to low jonic conducivities of hole conducting 10ns. gimethylimidazolium iodid¢C-TRY), 0.1 M lthium iodide, 0.05 M
prog ' yet al. rep q iodine, and 0.5 M 4ert-butyl pyridine in 3-methoxypropionitrile,

Eqiﬁycs}r%sr:]nga?,théﬁgéﬂfgf nﬁ;’/?{?é p(t)kll);gweerg é?;:;g?{;i&;ep:g?ﬁ ;?: Was injected into the cell through one of the two holes drilled on the

21 . Y ol . counter electrode. The current-voltage characteristics of the cell was
groups:- Their quasi-solid cells showed high¥p. and smallerdg, . . : .
compared with those of the liquid cells monitored using a Keithly M 236 source measure unit and was

In this paper, effect oin situ photopolymerized PDEA, which is compared with that of the unmodified cell. An Oriel Xe lamp with

transparent in the visible spectral region, in the pores of dye-coate nrAtM n1.5f ?_I.ter vlvas% u(sjed for |IIL;rn(|jnat||rtlg DSSCs.bIh.e N dp“c?" ab-
TiO, on photovoltaic properties of DSSCs was studied. THE | Sr? P '_OI Ot '(? electro ;S/S'e}g]p 1€ Y%vaglf. was? funde usmgta
redox couple was flooded in the spongy polymer network, serving adhree-electrode assembly with a biQuorking electrode, a

an efficient charge-transporting medium. The superior performancé:ounter electrode,_and an Ag_/AgCC].l .M. AgNG; in (.:H3CN) ref-
of PDEA-filled DSSCs, in terms of bettek, V,, overall solar erence electrode, in acetonitrile containing 0.5 M Li¢knd 0.2 M

conversion efficiencym), and stability over the corresponding lig- t€trabutylammonium perchlora@BAP) at a scan rate of 5 mV/7.

: . ; . ; A Hewlett-Packard HP 8453A diode array spectrophotometer
uid electrolyte cells without PDEA, is reported for the first time. coupled with a potentiostdEG & G model 263A was used for the

absorption measurements.
Photocurrent transients under open-circuit conditions were mea-
TiO, films were formed on cleaned fluorine-doped tin oxide sured with a homemade chopper attachment, which turned the light
coated glasshereafter denoted as FT®y the doctor blade method on—off at regular intervals. The incident photon-to-electron conver-
using P25(Degussapaste, dried at 70°C for 10 min, and annealed sion efficiency(IPCE) was measured using a photon-counting spec-

Experimental
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Figure 1. Schematic diagram fan situ photopolymerization.

trofluorometer(ISS PC2) equipped with a 350 W Xe lamp light
source with a motorized monochromator. Incident light intensity
was calibrated using a photodiode detedfdewport 818UV and
optical power metetNewport 1830-Q.

Results and Discussion

FE-SEM, IR, and EDX characterized the growth of PDEA in
TiO, film. On dismantling the polymerization cell, the polymer film
could be seen visually on the top of the Ti®@lectrode. FE-SEM
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Figure 3. J-V curves of DSSCs modified with and without PDEA at
100 mW/cnd.

images in Fig. 2a and b clearly show that uniform spherical particles
with an average diameter of 25 nm with a porous structure on the

TiO, film are covered with the polymer. The cross-sectional FE-
SEM images showed that the PDEA film grew up tp.21 above the
TiO, film. IR absorption peaks at 1738 and 1119 ¢rassigned to

experiment on FTO without Ti©film, we have found that PDEA
grows directly on the surface of the conducting substrate.
The effect of the modification of dye-coated TiGiIm with

C = O and ether functionalities, respectively, were identified along PDEA on J-V curves was investigated. It is emphasized that the

with other stretching and bending modes of C-H bonds ang:C

modification has enhanced balk. andV,. as noted in Fig. 3. The

groups of the polymer. An analysis of EDX data measured at thefigure shows enhancements in thgof about 39% and th¥,. of 40

cross section of the PDEA-filled Tidilms (a rectangular portion of
Fig. 2c, an area of 2f.m width X 10 wm length starting at a
height of about 4.m vertically from the FTO substrateevealed a

mV in the PDEA-modified DSSC compared with a cell without
PDEA in the pores of the Ti©film. This results in a better conver-
sion efficiencyn of 4.9% based on the based on thg V., and fill

large atomic percentage of carbon, 23%, ensuring the formation ofactor (FF) of 10.4 mA/cn%, 0.75 V, and 0.63, respectively, com-

PDEA inside the mesoscopic structure of 3ido avoid confusion

in the characterization of the polymer by EDX and IR analyses, we

polymerized PDEA in Ti@ film without dye coating. It was ob-

pared with 4.0% of the latter cell.
The enhancement in thig. of the PDEA-modified cell is intrigu-
ing because of the expectation that ionic mobility would be rela-

served, however, that the dye coating after the polymerization in thejyely ow in the PDEA-filled TiG, film.”® The low ionic mobility

pores of TiQ film was not possible. On a separate polymerization
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Figure 2. FE-SEM images of Ti@films: top views of the film modifieda)
without and (b) with PDEA, and(c) cross-sectional view of the PDEA-
modified film.

may retard the kinetics of the dye cation reduction byons, re-
sulting in a decrease in photocurrent. Furthermore, the variance of
Jsc Vs. light intensity has shown thal. increases linearly with an
increase of light intensity up to 100 mW/émegardless of the
PDEA modification. This linearity implies that the light intensity-
dependent photocurrent is not limited by diffusion gfIT in the
spongelike PDEA-filled Ti@ film. The increase inlg. with PDEA
modification is consistent with the recent report by De Pabkl’
They noted that the Lewis base nature of diethylene glycol in a
polymer electrolyte would minimize the electron occupancy in the
TiO, trap states. The decrease in the trap states is supported by
transient photocurrent response of DSSCs.

Figure 4 demonstrates that modification with PDEA facilitates
the rise and fall of photocurrent, recorded during on-off cycles of
illumination at 100 mW/crh The time required for both the rise and
the fall to 90% of the total photocurrent change of the PDEA-
modified DSSC is measured to be faster by about 0.15 s than that of
the unmodified DSSC. Blocking of the Tiébrap states with PDEA
is responsible for the faster responét&?The 20% increase in
the transient photocurrent observed for the PDEA-modified DSSC
over that for unmodified cell is consistent with tlg. increase in
Fig. 3. The blocking may be the result of the adherence of PDEA
molecules to TiQ particles. The adherence is understood to occur
mainly due to the hydrogen bonding interaction between OH groups
on the dye-coated Tigsurface and oxygen atoms of ethylene oxide
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Figure 4. Transient),, of DSSCs with and without PDEA at 100 mW/ém Applied Potential (V vs. Ag/AgCl)

Arrows | and | indicate when the light was turned on and off, respectively.

Figure 6. Absorbance at 800 nras. applied potential for TiQ electrodes
modified with and without PDEA in acetonitrile containing 0.2 M TBAP and
segments in PDEA. PDEA is also adhered by interaction betweerd.1 M LiCIO,. Scan rate was 5 mV/s. The arrows indicate thg V
Ti(IV) ions on the surface and oxygen atoms in PDEA, which re-
sults in decreasing the deep trap st t&s.
TheJ,.improvement in the PDEA-modified cells is supported by

IPCE (Fig. 5 and optical absorption spectra of Ti@lectrodes/s.  the former cel??*?’In our experiments we took care to have iden-
electrode potentialFig. 6) in addition to the transient photocurrent tica| DSSCs except for PDEA filled in the pores of the dye-coated
(Fig. 4). The action spectra shown in Fig. 5 demonstrate unfailing 1io, fiims.
increases in IPCE values in the visible region for the PDEA- vy, in DSSCs depends on the concentration of free electrons in
incorporated DSSC along all wavelengths over those of an unmodihe conduction band of Tigat open circuit. The increase W, for
fied cell. The average increase of the IPCE values below 550 N, ppgEa-modified DSSGFig. 3 is indicative of a lower degree of
was found to be about 10% relative to that of unmodified cell. How- po 1 electron transfefEq. 1,82 compared with an unmodified
ever, the relative increase in the IPCE values above 550 nm is mucfggc
smaller for PDEA-modified electrodes. This is possibly due to the
negative shift in the conduction band edge for the PDEA modified
TiO, cell. Similar decrement in the red absorption on shifting the
conduction band edge negatively was observed by Bosdftlat® TheV,increase is manifest in the decrease of dark current shown in
Figure 6 shows the absorbance measured at 800@sapplied  Fig. 3. Apparently, PDEA grown directly on the surface of the con-
potential, illustrating the electrochromic behavior of the Jfn in ducting substrate screen inore effectively from the FTO/TiQ
a Li*-containing solution. The higher absorbance below the conducinterface and retards back electron transfer from the FTO compared
tion band potentialVy, indicated by an arrowin the case of the  with the case in an unmodified céff® The role of the PDEA layer
PDEAfilled TiO, electrode (whose graph is displaced slightly on the FTO is therefore analogous to that of a Jifffer layer
downward for clarity compared with that of the unmodified elec- formed by treatment of FTO with titaniutV) butoxide in conven-
trode indicates the higher density of conduction band electrons fortjonal DSSCSP The V, increase of the PDEA-modified cell is con-
sistent with the IPCE data in Fig. 5 and the negative shift of the
electrochromic graph in Fig. 6. The interaction between the ethylene

I;7 + e(TiO,) = 3I- (1]

70 oxide moieties of PDEA and the TiGurface is responsible for the
with PDE& shifting of the conduction band edgé¢., of TiO, toward a more
60 . A N negative value compared with an unmodified cell. The negative shift
| o """-..,,I of the electrochromic graph, estimated by the shift of the points
50 - ,,'.-'-'-"""H.-.___\ ' where absorption begins to increase, is supported by a small but
- " o consistent negative shift of intersection points determined from the
1 -~ . tangents of the base line and the rising portion of the graphs, as
< 40 '.,.-"f without FDE£ shown in Fig. 6.
e 1 The average FF of 0.63 observed for PDEA-modified cells was
i 30 found to be lower than that of 0.69 of unmodified DSSCs. However,
B series resistance of the PDEA-modified cell is considered to remain
20 essentially the same because the slopes al-¥ieurves around the
V,c in Fig. 3 are nearly independent of the PDEA modificatidn.
104 1 This implies that the decrease of the FF can be ascribed to an in-
crease in the ohmic drop over the series resistance in the PDEA-
] modified cell owing to the higher photocurrents. Finally, after ev-
D4IJIJ T 50'0 T sn'n " 200 eryday evaluation of the cells for 18 days at 100 mWicmve
observed that the stability of the PDEA-modified cell is improved. It

Wavelength (nm) is evident from Fig. 7 that th&/,. of the modified cell remains
nearly identical, whereas there is a considerable decrease in its value

Figure 5. Action spectra of DSSCs modified with and without PDEA at in the case of the unmodified cell. Decrementigfof the unmodi-
100 mW/cn. fied cell is also much more pronounced compared with that of the
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