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ABSTRACT: Thin ~20 nm conformal poly(3,4-ehylenediox-
ythiophene) (PEDOT) films are incorporated in highly
conductive mesoporous indium tin oxide (m-ITO) by
oxidative molecular layer deposition (oMLD). These three-
dimensional catalytic/conductive networks are successfully
employed as Pt-free cathodes for dye-sensitized solar cells
(DSSCs) with open circuit voltage equivalent to Pt cathode
devices. Thin and conformal PEDOT films on m-ITO by
oMLD create high surface area and efficient electron transport
paths to promote productive reduction reaction on the
PEDOT film. Because of these two synergetic effects,
PEDOT-coated m-ITO by oMLD shows power conversion efficiency, 7.18%, comparable to 7.26% of Pt, and higher than
that of planar PEDOT coatings, which is 4.85%. Thus, PEDOT-coated m-ITO is an exceptional opportunity to compete with Pt
catalysts for low-cost energy conversion devices.
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ince initial demonstrations of dye-sensitized solar cells CulnS;, CoS, graphene, or carbon nanotubes.>™** Nano-

(DSSCs) by Gritzel in 1991, these devices have attracted structured PEDOT such as fibers and nanowires are also
great interest because of their low cost, high efficiency, and utilized to provide high surface area as well as efficient electron
good response to low-intensity light-l Dye molecules adsorbed transport paths for the reduction reaction.'*'> Furthermore,
on mesoporous TiO, (m-TiO,) absorb light to excite electrons TiO, particles or polymer binders were combined with PEDOT
to the lowest unoccupied molecular orbital. The dye molecules to form a continuous PEDOT layer on a high-surface-area
are a key feature in DSSCs because they significantly extend the electrode.'®'” Therefore, new processes that can create high-
light absorbance of m-TiO, to the visible region (wavelength, quality PEDOT with uniform, conformal, and well-controlled
4> 450 nm), and the excited-state potential of the dye allows thickness on complex surfaces will be a significant improvement
rapid charge transfer into the TiO, conduction band (CB). over current methods for PEDOT cathode fabrication.

From there, they travel.through a c.onductive pathway to the Recently, our work reported the synthesis of PEDOT thin
cathpde electrode (CE) in conta.ct with the cell electrolyte. The films using oxidative molecular layer deposition (oMLD), in
CE is generally coated with platinum (Pt) as an electrocatalyst which sequential vapor pulses of MoCl; as a oxidant and 3,4,

to promote the rate of charge transfer for electrolyte reduction, ethylenedioxythiophene (EDOT) as a monomer produced
wl;l{c}tl is lt)trplcally_ triiodide (13. ) to 10.d1de (I t).l (852/)" and highly conformal coating over nanostructures with a high aspect
Gl PLaInuiml 1 an eXpEnsive precious meta g/ an ratio feature."® Figure Sla in the Supporting Information (SI)

during DSSC operation, it can be release_d into the. liquid shows a PEDOT film (with darker contrast) coated by oMLD
electrolyte and transported to the dyed m-TiO,, promoting the o ) : ) )
onto the insides of pores in an anodic aluminum oxide

creation of new charge recombination sites.’ Thus, many . .

research teams are exploring alternate CE materials to replace membrane. The depth of the coating mto' the pores

Pt. As a promising alternative to Pt, poly(3,4-ethylenediox- corresp 9nds t.O coverage up to a ~40:1 aspe:ct ratio.

ythiophene) (PEDOT) has been extensively investigated Herein, this work .ﬁrst presents ultrathm. and conforrrllal
PEDOT films deposited by oMLD on highly conductive

because it has high electrical conductivity for a conductive = ' \
polymer, electrocatalytic activity, and chemical stability, and it mesoporous indium doped oxide (m-ITO), and evaluates its

facilitates low-temperature processing for flexible DSSCs.*

PEDOT can perform as well as, or even better than Pt with Received: December 2, 2014
careful optimization, especially when the PEDOT is combined Accepted: February 10, 2015
with a highly conductive scaffold such as TiN, carbon black, Published: February 10, 2015
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Figure 1. Process scheme for fabricating PEDOT coated m-ITO films for a cathode in DSSCs using oMLD. (a) Cleaned FTO-glass, (b) spun-cast
m-ITO with ~3 ym thickness on FTO-glass, (c) oMLD of PEDOT on m-ITO, (d) m-ITO coated with ~20 nm thick PEDOT film after 25 cycles of

PEDOT oMLD.

performance as an electrocatalytic cathode in DSSC devices.
PEDOT-coated m-ITO (PEDOT/m-ITO) produces high
surface area, conductivity, and connectivity of PEDOT within
the cathode, thereby promoting efficient electron transport and
catalytic activity to reduce I3~ to 3I". Moreover, in oMLD
PEDOT/m-ITO, the total material cost of EDOT monomer
(80.75/g), MoClg oxidant ($0.21/g), and ITO nanopowders
($1.77/g) is lower than Pt. oMLD PEDOT is cheaper than
even PEDOT ($47.4/g) in spin-casting so that oMLD
PEDOT/m-ITO is superior to both of Pt and spun-cast
PEDOT/m-ITO in cost-competitiveness as estimated in Figure
S2 in the Supporting Information. Using only ~20 nm thick
PEDOT films on m-ITO, we achieved comparable overall
conversion efficiency, 7.18% to 7.26% of conventional Pt. This
performance was accomplished without process optimization,
showing that PEODT-coated m-ITO by oMLD is a versatile Pt-
free cathode, capable of creating effective catalytic nanostruc-
tures for low-cost energy conversion systems.

Figure 1 illustrates a process scheme for CE fabrication for
DSSCs including PEDOT oMLD on ~3 um thick m-ITO
films. The MoCl; vapor is first introduced to the spun-cast m-
ITO films (Figure 1b) and adsorbed on the surface in Figure
lc. A purge step then removes unreacted MoCls. A dose of
EDOT vapor leads to the surface polymerization forming
PEDOT films on the m-ITO, with HCI and excess EDOT as
byproduct vapors. The residual gases are purged out by
nitrogen, again completing one PEDOT oMLD cycle.'® The
growth rate per cycle at the reactor temperature in this work,
100 °C, is ~1 nm/cycle determined at different oMLD
temperatures in Figure S1b in the Supporting Information. In
this work, total 25 cycles were performed to ensure, at least,
~20 nm thick PEDOT films on m-ITO (Figure 1d).

TEM measurement in Figure 2 confirms PEDOT films on
nano-ITO particles. Figure 2a, b from uncoated m-ITO films
show individual nano-ITO particles with diameters of ~40 nm.
Figure 2c is a schematic of a nano-ITO particle, based on TEM
observations. The particles are well-defined in the images and
they show clear diffraction patterns expected for nano-ITO
particles. For the PEDOT coated m-ITO in Figure 2d, e, the
images show small cubic particles uniformly distributed on the
oxide particles as illustrated in Figure 2f. This suggests that on
this surface, the hydrophobic PEDOT forms nonwetting 3D
nuclei before coalescing into a continuous film."
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Figure 2. TEM images of (a, b) bare nano-ITO, (d, ) PEDOT-coated
m-ITO, where b and e are high-magnification images of a and d,
respectively. (c, f) are illustrations of uncoated and PEDOT-coated
ITO based on TEM results.

Figure 3 and Figures S3 and S4 in the SI present topological
properties of PEDOT-coated m-ITO and compares perform-
ance of four different cathodes. The SEM image in Figure 3(a)
further confirms that conformal PEDOT films are deposited
over the m-ITO particles. The uncoated FTO in Figure S3a in
the Supporting Information shows brighter contrast than the
m-ITO. After PEDOT oMLD (Figure 3a), both the FTO and
ITO layers show the same dark contrast. The dark contrast is
consistent with the small mass of atoms such as S in PEDOT
compared to Sn in FTO.*® In addition, the lack of SEM
contrast in Figure 3a over the entire layer cross-section
indicates that PEDOT oMLD uniformly coats both the m-ITO
and the FTO surface underneath m-ITO. SEM images showing
the top surface of bare and coated m-ITO in the inset of Figure
3a and Figure S3b in the SI respectively show very similar
structure, further indicating that the oMLD of PEDOT
maintains the underlying porous structure, and does not
planarize the surface. This is consistent with the AFM images in
Figure 3b. Bare m-ITO, PEDOT-coated FTO-glass, and bare
FTO-glass are also exhibited in parallel for comparison in
Figure S4a—c in the SI, respectively. As oMLD of PEDOT is
deposited on bare FTO and m-ITO, sharp and clear edges of
FTO and contours of individual nano-ITO particles appear
smooth, which is consistent with the PEDOT-coating. Note, in
particular, that the coated m-ITO films in Figure 3b maintain
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Figure 3. (a) Tilted-view SEM image of PEDOT coated m-ITO on FTO-glass in which the inset presents top surface in dotted box, (b) AFM image
of ~20 nm thick PEDOT coated m-ITO, (c) photovoltaic performance of representative DSSCs assembled with four different CEs, (d) cyclic
voltagramms (CV) obtained after 10 cycles with four CEs in electrolyte containing 10 mM Lil, 1 mM L, and 0.1 M LiClO, acetonitrile solution at a

scan rate 20 mV~.

Table 1. Performance of DSSCs with Different PEDOT CEs and EIS Parameters Obtained from Symmetric Cells®

counter electrodes J (mA/cm?) Vv (V)
Pt 13.60 0.75
planar PEDOT 10.51 0.69
m-ITO 11.21 0.80
PEDOT on m-ITO 13.86 0.75

EF

0.72
0.67
0.24
0.69

1 (%) R, (Q cm?) Ry (Q cm?)
726 + 0.11 1.33 + 0.32 0.89 + 0.07
4.85 + 0.24 2.81 + 0.53 36.32 + 0.08
2.15 + 0.21 - -

7.18 + 0.13 1.92 + 0.44 0.63 + 0.12

“All DSSCs are fabricated in the same batch for exact comparison; all data are averages of three DSSCs fabricated in the same batch.

open pores without noticeable surface area loss or a top
encapsulation layer. This allows the large surface area of the
electrode to be maintained in contact with the electrolyte after
the PEDOT-coating,

We tested four different cathode configurations to determine
the effectiveness of PEDOT: Pt on planar FTO/glass, oMLD
PEDOT on planar FTO/glass, oMLD PEDOT on m-ITO/
FTO/glass, and bare m-ITO on FTO/glass. Results are shown
in Figure 3c and summarized in Table 1. Figure 3(c) shows the
resulting current—voltage curves from the fabricated DSSCs.
The overall conversion efficiency for the cell using PEDOT
coated m-ITO is 7.18%, which is nearly identical to 7.26%
measured for the cell using the planar Pt electrode despite of no
attempt to optimize oMLD process. Moreover, the efliciency
using the nanostructured PEDOT electrode is ~1.5X larger
than for the planar PEDOT electrode; all performance
parameters (], V, and FF) are improved. In addition, it is also
largely improved by ~2.3 times of bare m-ITO in the efficiency,
thereby indicating that large surface of m-ITO are effective and
pristine m-ITO has the negligible catalytic effect in enhancing
performances of DSSCs. Enhanced electrocatalytic perform-
ance of PEDOT on m-ITO mainly contributes to improve J, FF
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and the improvement in V may also be ascribed to lower sheet
resistance and better adhesion between PEDOT and supports
such as m-ITO and FTO-glass.*”'*'>?" Cyclic voltagramms
(CV) in Figure 3d make sure that the integration of oMLD
PEDOT and m-ITO works in a synergetic manner in regards to
high surface area of m-ITO. The two peaks of PEDOT at the
negative potential, assigned to the reduction (I;7+2e = 31I7) is
observed, but the current densities are smaller than Pt because
the pristine PEDOT has very slow reduction rate affecting the
dye regeneration rate in DSSCs.'* Yet, when integrated with m-
ITO, the current densities increase largely and the peaks
become distinct. Meanwhile, in bare m-ITO, the distinctive
peaks corresponding to the reduction are not observed even if
the integrated area of CV becomes larger due to its high surface
area. The PEDOT films contain Mo (<6 at. %) in oxidized
forms, however it does not contribute conductivity and
electrocatalytic activity.'® Therefore, oMLD PEDOT/m-ITO
cathode works comparably well, as an alternative Pt cathode,
owing to the help of high surface area of m-ITO and catalytic
properties of oMLD PEDOT. The PEDOT film is stable,
maintaining the conductivity over 2 weeks in ambient
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conditions, even if not fully investigated here as a cathode for
DSSCs.'*

We also explored the electrochemical characteristics of each
cathode with electrochemical impedance spectroscopy (EIS).
Symmetric cells were assembled using parallel cathode pairs to
avoid possible effects from photoanodes.”” Results are given in
Table 1 and Figure S5 in the SI According to the general
transmission line model, the onset of the first semicircle
measured at high frequency determines ohmic serial resistance
(R,), and the size of first semicircle is understood as the charge
transfer resistance (R,) of the cathode.”® The data for two
planar electrodes show two semicircles in the impedance traces
consistent with the general equivalent circuit for the symmetric
cell* Fitting the data to this model leads to the R and R
values are given in Table 1. All electrodes show less than 3 Q
cm?, series resistance, indicating good contact performance.
Compared to Pt, the planar PEDOT shows a larger R,
consistent with a somewhat reduced catalytic efficiency on a per
unit surface area basis. Meanwhile, the PEDOT coated m-ITO
electrode shows an additional semicircle ascribed to Nernst
diffusion that occurs in typical porous systems,”* as expected
for this electrode structure. R, of PEDOT/m-ITO becomes
lower than planar Pt and PEDOT. In spite of the lower R, of
PEDOT/m-ITO, the slight lower # % than planar Pt may
ascribed to 3 pm thick of m-ITO causing slow diffusion rate of
ions inside m-ITO layer. This can be managed through device
optimization.

In this work, we discovered and demonstrated that
mesoporous ITO coated with conformal PEDOT by oxidative
molecular layer deposition exhibits good performance as a
cathode in functional dye-sensitized solar cells, with perform-
ance nearly equivalent to planar Pt coated FTO-glass, even
under conditions where the PEDOT was not optimized. The
oMLD process facilitates uniform PEDOT film coating onto
the complex 3D network of the m-ITO. We expect that the
performance of the PEDOT/m-ITO cathodes in DSSCs could
be further improved by exploring process parameters such as
deposition temperature, PEDOT thickness, m-ITO thickness,
and postdeposition treatment, which were not evaluated here.
The results show that the porous PEDOT covered cathode,
enabled by the sequential surface reactions during the PEDOT
oMLD process, can achieve high catalytic activities, using less
expensive and more earth-abundant materials. This approach
could also extend to high-performance cathodes in other
advanced photo- and electrocatalytic devices such as photo-
electrochemical and fuel cell systems.
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