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We describe the fastest dyeing of TiO, photo-electrodes for dye-
sensitized solar cells reported to date (< 2 min) at room
temperature giving n = 7.5% for an N719/SQ1/CDCA mixture
which is significantly higher than devices dyed for > 12 h using
the same dye mixture (n = 5.5%). Time-lapse photography has
been used to monitor the ultra-fast co-sensitization. The data
show significantly different dye uptake between passive and
pump dyeing reflecting competitive sorption between a Ru
complex (N719) and an organic dye (SQ1).

The lower embodied energy and cheaper raw materials of dye
sensitised solar cells (DSCs) makes them a potential competitor
technology for Si photovoltaics but only if DSC device efficiency is
improved and manufacturing processes are speeded up. In 1991,
O’Regan and Gritzel made a key breakthrough in increasing DSC
efficiencies by sensitizing nano-particulate TiO,, leading to higher
surface area, dye loading and photocurrent'. Since then, research has
focussed on increasing DSC device efficiency and stability to
accelerate DSC commercialisation. This has, in part, focussed on
improving the dye loading and light scattering of the TiO, layer®®
and the molecular engineering of new dyes, with the latter leading to
a record efficiency for DSC (n = 13%)*. A key challenge that
remains for DSC is the development of rapid and scalable device
processes that are compatible with continuous (roll-to-roll)
processing’.

In this context, the dye sensitization of meso-porous TiO, photo-
electrodes is the slowest process in DSC manufacture; typically
taking 8-24 h by passive (immersion) dyeing’. Early methods to
accelerate dyeing focussed on single dyes and included pumping
N719 solution through DSC devices for 30-60 min under reflux®’ or
rapid dipping of TiO, films in dye solution®. Co-sensitizing multiple
dyes to improve device efficiencies has also been reported but using
slow dyeing procedures™'®. We have combined these approaches and
reported the first examples of ultra-fast co-sensitization (5 min) by
pumping single or mixed dye solutions of either N719 and SQ1 with
chenodeoxycholic acid - CDCA (n = 7.9%)"" or a triphenylamine
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dye and N719 (n = 7.5%)"? or half-squaraine and squaraine dyes"’
through the device cavity at temperature. Recently we have also
reported ultra-fast dyeing/desorption/re-dyeing procedures to control
dye loading by selectively desorbing and replacing dyes'®. Here we
have focussed on room temperature (RT) dyeing, with dye uptake
monitored via time-lapse photography, investigating the possibility
of saturating a photo-electrode in a few minutes at RT.

Measuring dye loadings has typically been carried out by ex situ
alkali desorption">. However, in situ measurements of dye loading
are required to study dye uptake in real time. This has been achieved
using either diffuse reflectance UV-visible spectroscopy or time-
lapse digital photography and image analysis'®. To date, this has
been used to monitor passive N719 dye uptake over a period of
hours by studying the underside of a TiO, electrode. In this paper,
we report the first examples of in situ studies of ultra-fast co-
sensitization of meso-porous TiO, photo-electrodes and the first
insights into competitive dye sorption in the first minutes of dye
uptake.
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Fig.1 Percentage dye uptake for 0.5-4.5 mM N719 (top graph) and
N719/SQ1/CDCA (bottom graph) over 80 min. For the N719/SQ1/CDCA
mixes the concentrations of the dyes are 0.5 mM N719/1.3 uM SQ1, 1.5
mM/3.8 uM SQ1 and 4.5 mM/11.3 uM SQ1 with a CDCA concentration of
1.67 mM in all cases. Data extracted from images taken every 5 s.
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Table 1. Saturation times for 17 um TiO, electrodes with selected dyes at
room temperature using passive or fast dyeing. The CDCA concentration is
1.67 mM.

Dye conc. Saturation time/ min
Dye(s) N719/ SQl/ Fast Passive
mM uM dyeing dyeing
0.5 - 773 504
N719 1.5 - 27.0
4.5 - 8.3
0.5 1.3 38.0 132
N719/SQ1/CDCA 1.5 3.8 9.8
4.5 11.3 1.8
SQ1/CDCA - 50.0 5.4 162

Our approach has been to analyse the RGB values of digital images
with time and to present these data as % dye loading versus dye
saturation. Fig. 1 shows sorption data for pump dyed N719 solutions
showing dye saturation taking place between ca. 5 and 80 min.
Extracting dye saturation data (Table 1) shows that pump dyeing
N719 gives rise to significantly faster dye saturation compared to
passive dyeing; e.g. at 0.5 mM N719 fast dyeing takes 77.3 min
compared to 504 min by passive dyeing. Table 1 also shows that
increasing the N719 concentration by nine times (0.5 to 4.5 mM)
also accelerates dye saturation by ca. nine times (77.3 to 8.3 min).
Increasing N719 concentration by three times (0.5 mM to 1.5 mM)
accelerates dye saturation by ca. three times (77.3 to 27.0 min).
These data suggest a linear relationship between dye concentration
and saturation time which, in turn, suggests that the rate of ultra-fast
pump dyeing of N719 as a single dye is only limited by dye
concentration. An even greater acceleration in dyeing time is
observed for 50 pM SQ1 with 1.67 mM CDCA from passive to fast
dyed (162 to 5.4 min). Table 1 also shows much faster dyeing (either
by passive or pump dyeing) for SQ1 than N719.

Interestingly, Table 1 shows that passive and fast dye saturation
times are significantly accelerated even further when SQI and
CDCA are added to the N719 solution. For example, for 0.5 mM
N719, adding 1.3 uM of SQI and 1.67 mM CDCA reduces passive
dyeing time by almost four times (504 to 132 min) and halves the
fast dyeing time (77.3 to 38.0 min). Increasing the dye
concentrations to 4.5 mM N719 and 11.3 uM SQ1 reduces the dye
saturation time to 1.8 min which brings dye sensitization within the
realms of scaleable roll-to-roll processing.

Table 2 shows I-V testing data for passive and fast dyed DSC
devices and shows lower 1 for passive dyed devices using either
N719 or N719/SQ1/CDCA when compared to the pump dyed
system. The latter shows slightly higher J. attributed to improved
light harvesting efficiency due to dye loading but lower V.
presumably due to increased recombination due to non-optimised
dye loading. By comparison, fast dyeing N719/SQ1/CDCA in ca. 2
min shows the highest efficiency (n = 7.5 %) in line with the highest
Js. and comparable V. to the passive dyed N719 device (ESI Fig.3).
The high J. is attributed to the presence of CDCA, which reduces
dye aggregation'”. It is clear that via the fast-dyeing pump method
there is an optimised loading of N719/SQ1/CDCA that is difficult to
achieve via passive dyeing consistent with previous reports.'' EQE
data for the N719/SQ1/CDCA fast dyed device and the N719
passively dyed device are given in ESI Fig.4. These data highlight
the enhanced spectral response from the co-sensitized device.
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To begin to understand the reasons behind the increase in the rate
of dyeing in the presence of SQI1, it is useful to remember that pure
SQI exhibits faster dye uptake than pure N719 (Table 1). For the
N719/SQ1 combination, it might be expected that both dyes
chemisorbing in a competitive environment might either exhibit a
combined saturation time between that of pure N719 and SQ1 or that
competitive sorption might slow the overall process. Alternatively,
the two dyes might sorb independently. What is surprising is that the
combination of N719 and SQ1 results in more rapid dye uptake. This
suggests that there is a beneficial interaction by having the two dyes
simultaneously in contact with the TiO,. This phenomenon occurs in
the N719/SQ1/CDCA system during both passive and pump dyeing
suggesting that the beneficial interaction is independent of “through-
film” diffusion and instead is more closely related with the dyes at
the TiO, surface.

Table 2. Photovoltaic performance of DSC devices dyed using either passive
or rapid dyeing. The concentrations of the dye solutions are 4.5 mM N719
and 4.5 mM N719 with 11.3 pM SQI and 1.67 mM CDCA. The data is an
average from at least 5 devices; the statistical spread of the data is given in
ESI Fig.5.

Device ime % T wie T
Passive dyed

N719 18h 6.1 0.66 12.08 0.77
N719/SQ1/CDCA 18h 5.5 0.61 12.72 0.70
Pump dyed

N719/SQI/CDCA  2min 7.5 0.59 16.63 0.77

To study the roles of the individual components on the rate of
dyeing, dye saturation times have been recorded for various mixtures
of N719, SQ1 and CDCA which have been sequentially pump dyed
through a DSC device cavity in different orders (Table 3). The data
show similar saturation times (ca. 41 £+ 3 min) for N719 either in a
mixed solution with SQ1 or CDCA or with a pre-wash of either SQ1
or CDCA. However, pre-washing the TiO, surface with SQ1 and
CDCA in combination halves the dyeing time to 19 min.

Table 3. Saturation point times for | mM N719 with 2.5 uM SQ1 or 1.67
mM CDCA as additives or with selected surface pre-treatments of the TiO,.

Dye system Pre-wash Saturation time/ min
N719/SQ1 None 39
N719/CDCA None 42
N719 SQ1 39
N719 CDCA 44
N719 SQ1/CDCA 19

In considering why the combination of SQ1 and CDCA causes an
increase in dye loading, it is first necessary to consider whether it is
possible to decipher individual colour components from the
multiply-dyed TiO, surfaces. In this case, N719 and SQI1 have
overlapping dye bands between ca. 580-650 nm making it difficult
to separate out signals for the individual dyes. However, it is known
that squaraine molecules have a very strong tendency to aggregate
and that CDCA can be used to reduce SQ1 aggregation on TiO,
surfaces'’. In ESI Fig.6 the diffuse reflectance UV of TiO, films
saturated with SQ1 and SQ1/CDCA are shown. The data show the
clear difference in the presence of CDCA with a higher and narrower
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absorption band with CDCA due to less aggregated SQ1 molecules.
Thus, there will be significant differences between the surfaces pre-
washed with solely SQ1 or CDCA on their own and an SQ1/CDCA
mixture. The surfaces are likely to be dominated with aggregated
SQ1 molecules or not sorbed SQ1 molecules when CDCA is not
used. Reducing SQ1 aggregation produces a more optimal spatial
arrangement for N719 sorption and only the SQ1/CDCA surface will
exhibit segregated SQ1 molecules. This has a number of effects that
may increase the probability of N719 adsorption; (i) the surface
charge will be reduced because the SQ1 and CDCA molecules will
have chemisorbed to some surface hydroxyls on the TiO,, (ii) evenly
segregated, pre-sorbed molecules reduce the TiO, surface tension,
which helps bring the N719 solution into more consistent contact
with the surface. Contact angle measurements show that there is a
lower surface tension when the surface is pre-sorbed with
SQ1/CDCA (ESI Fig.7). There is significantly improved wetting of
N719 on SQ1/CDCA/TiO, when compared to bare TiO,.

Having shown that SQ1 saturates TiO, more rapidly than N719
and that an SQ1/CDCA pre-wash accelerates N719 sorption, colour
image analysis of a mixed N719/SQ1/CDCA solution (1.5 mM/3.8
um/1.67 mM, respectively) shows that the initially white TiO,
becomes blue after 20 s of dyeing indicating much faster SQ1 uptake
compared to N719 (ESI Fig. 8). However, after 1 h, the purple
colour indicates significant N719 sorption as well. This is confirmed
by DRUV of a passive dyed N719/SQ1/CDCA system (Fig. 3)
which shows that initially (t < Smin) the absorbance ratio N719:SQ1
is ca. 1:2, whilst at saturation of the TiO, electrode (t > 10 h) this
absorbance ratio is 1:1. This suggests that the mechanism of dye
sorption from the mixed N719/SQ1/CDCA solution may be similar
to the step-wise SQ1/CDCA followed by N719 process with initial
SQ1/CDCA sorption giving rise to secondary N719 sorption (but
which is more rapid than for N719 solution alone).
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Fig. 3 Diffuse reflectance UV of N719/SQ1/CDCA (at concentrations of 1.5
mM/ 3.8 umy/ 1.67 mM respectively) dye sorption to a TiO, electrode with
time. The spectrum at t < Smin (solid line) exhibits a higher SQ1:N719
absorbance ratio than the saturated electrode at t > 10 hours (dashed line).

In summary, we have shown that it is possible to saturate a photo-
electrode in less than 2min with a combination of N719/SQ1/CDCA
producing high efficiency devices. Time-lapse photography and
image analysis can be used to study ultra-fast dye sensitization onto
meso-porous TiO, photo-electrodes in real time for single dye
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dyeing, sequential dyeing and mixed dye co-sensitization. These data
have been used to understand the mechanism of dye uptake in a
multiple component system. The time-lapse method can also
measure dye uptake with almost any chosen time resolution from
seconds to hours and on a range of length scales making it suitable
for in-line measurements for quality control of DSC by roll-to-roll
manufacturing. The time-lapse method is cost effective relative to
other methods to measure dyeing kinetics such as nanoplasmonic
sensing'®!® or quartz crystal micro-balance with dissipation (QCM-
D)™,

Notes and references

“ School of Chemistry, Bangor University, Bangor, Gwynedd LL57 2UW UK.
Fax: +44 1248 370528, Tel: +44 1248 382375; E-mail:
m.davies@bangor.ac.uk

b SPECIFIC, College of Engineering Swansea University, Baglan Bay
Innovation and Knowledge Centre, Port Talbot, SA12 74Z, UK.

T Electronic Supplementary Information (ESI) available:Device manufacture
details, time-lapse and DRUV methods for measureing dye uptake, device
characterisation details, -V and EQE data and digital images of dyed TiO,
electrodes at different stages of the dyeing process. See
DOI: 10.1039/6000000x.

1 B. O’Regan, M. Gritzel, Nature, 1991, 353, 737.

2 H.-W. Chen, C.-P. Liang, H.-S. Huang, J.-G. Chen, R. Vittal, C.-Y. Lin,
K. C.-W. Wu, and K.-C. Ho, Chem. Commun., 2011, 47, 8346-8.

3 H. Zhang, H. Yu, Y. Han, P. Liu, S. Zhang, P. Wang, Y. Cheng, and H.
Zhao, Nano Res., 2011, 4, 938-947.

4 S. Mathew, A. Yella, P. Gao, R. Humphry-Baker, C. F. E., N. Ashari-
Astani, I. Tavernelli, U. Rothlisberger, N. Khaja, and M. Gritzel, Nat
Chem, 2014, 6, 242-247.

5 P.J. Holliman, M.L. Davies, A. Connell, M.J. Carnie, T.M. Watson, in
Functional Materials for Energy Applications, Eds. J.A. Kilner, S. J.
Skinner, S.J.C. Irvine, P.P. Edwards 2012, Woodhead, p. 42.

6 A. Hinsch, J.M. Kroon, R. Kern, 1. Uhlendorf, J. Holzbock, A. Meyer
and J. Ferber, Prog. Photovolt: Res. Appl., 2001, 9, 425.

7 P.M. Sommeling, M. Spith, H.J.P. Smit, N.J.Baker and J.M. Kroon, J.
Photochem. Photobiol. A: Chem., 2004, 164, 137.

8 M. K. Nazeeruddin, R. Splivallo, P. Liska, P. Comte, M. Gritzel, Chem.
Commun., 2003, 1456.

9 Y. Ogomi, Y. Kashiwa, Y. Noma, Y. Fujita, S. Kojima, M. Kono, Y.
Yamaguchi, S. Hayase, Sol. Energy Mater. Sol. Cells, 2009, 93, 1009.

10 M. Spath, P. M. Sommeling, J. A. M. van Roosmalen, H. ]. P. Smit, N. P.
G. van der Burg, D. R. Mahieu, N. ]J. Bakker and ]J. M. Kroon, Prog.
Photovoltaics, 2003, 11, 207.

11 P.J. Holliman, M.L. Davies, A. Connell, B.V. Velasco, T.M. Watson,
Chem. Commun., 2010, 46, 7256.

12 P.J. Holliman, M. Mohsen, A. Connell, M.L. Davies, K. Al-Salihi, M.B.
Pitak, G.J. Tizzard, S.J. Coles, R.W. Harrington, W. Clegg, C. Serpa, O.H.
Fontes, C. Charbonneau, M.]. Carnie, J. Mat. Chem., 2012, 22, 13318.

13 A. Connell, P. J. Holliman, M. L. Davies, C. D. Gwenin, S. Weiss, M. B.
Pitak, P. N. Horton, S. J. Coles, and G. Cooke, J. Mater. Chem. A, 2014,
2, 4055.

14 P.J. Holliman, K.J. Al-Salihi, A. Connell, M.L. Davies, E.W. Jones, D.A.
Worsley, RSC Adv., 2014, 4(5), 2515.

15 P.J. Holliman, B. Vaca Velasco, 1. Butler, M. Wijdekop, D. Worsley, Int.
J. Photoenergy, 2008, 1-8.

16 T. Watson, P. Holliman, D. Worsley, J. Mat. Chem. 2011, 21, 4321.

17 JH. Yum, S.J. Moon, R. Humphry-Baker, P. Walter, T. Geiger, F.
Niiesch, M. Gritzel, M.K. Nazeeruddin, Nanotech., 2008, 19, 424005.

18 V. Gusak, L.P. Heiniger, M. Graetzel, C. Langhammer, and B. Kasemo,
Nano Lett., 2012, 12, 2397.

19 V. Gusak, L.P. Heiniger, V. P. Zhdanov, M. Gritzel, B. Kasemo and C.
Langhammer, Energy Env. Sci., 2013, 6, 3627.

20 H.A. Harms, N. Tétreault, V. Gusak, B. Kasemo, M. Gritzel, PCCP,
2012, 14, 9037.

J. Name., 2012, 00, 1-3 | 3



