www.czasopisma.pan.pl P N www.journals.pan.pl
Y

Opto-Electronics Review 25 (2017) 229-237

journal homepage: http://www.journals.elsevier.com/opto-electronics review

. . . . OPTO-ELECTRONICS
Contents lists available at ScienceDirect T viEw

Opto-Electronics Review

A new direction in design and manufacture of co-sensitized dye solar
cells: Toward concurrent optimization of power conversion efficiency

and durability

M. Hosseinnezhad **, A. Shadman®, M. Reza Saeb“*, Y. Mohammadi ¢

a Department of Organic Colorants, Institute for Color Science and Technology, P.O. Box 16656118481, Tehran, Iran

b Department of Industrial Engineering, Ferdowsi University of Mashhad, P.O. Box 91775-1111, Mashhad, Iran

¢ Department of Resin and Additive, Institute for Color Science and Technology, P.O. Box 16656118481, Tehran, Iran

d petrochemical Research and Technology Company (NPC-rt), National Petrochemical Company (NPC), P.O. Box 14358-84711, Tehran, Iran

ARTICLE INFO

Article history:

Received 16 July 2016
Accepted 26 October 2016
Available online 23 July 2017

Keywords:

Dye-sensitized solar cell
Co-sensitization

Response surface methodology
Organic dye

Desirability function

ABSTRACT

A novel methodology was implemented in the present study to concurrently control power conversion
efficiency (m) and durability (D) of co-sensitized dye solar cells. Applying response surface method-
ology (RSM) and Desirability Function (DF), the main influential assembling (dye volume ratio and
anti-aggregation agent concentration) and operational (performance temperature) parameters were sys-
tematically changed to probe their main and interactive effects on the m and D responses. Individual
optimization based on RSM elucidated that D can be solely controlled by changing the ratio of vat-based
organic photosensitizers, whereas m takes both effects of dye volume ratio and anti-aggregation concen-
tration into account. Among the studied factors, the performance temperature played the most vital role
in m and D regulation. In particular, however, multi-objective optimization by DF explored the degree to
which one should be careful about manipulation of assembling and operational parameters in the way

maximization of performance of a co-sensitized dye solar cell.
© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

At the present time, the main concern of researchers is to
find energy sources with minimum possible contamination toward
the environment. Following the pioneering work by O’Regan and
Gratzelin 1991 [ 1], exploration of dye-sensitized solar cells (DSSCs)
as environmental-friendly devices capable of generating electron
with receive photon from sun light, diverse publications were
directed towards improvement of photovoltaic performance of
DSSCs manipulating various operational and assembling parame-
ters [2,3]. In general, dye monolayer chemicals were considered to
play the role of a material parameter that could govern the perfor-
mance of DSSCs [4]. In addition, the use of organic dye precursors
brought the benefits of low cost and facile dye synthesis, mean-
while a fairly high power conversion efficiency (1) [5,6]. Most of all,
it was attempted to synthesize engineering dyes with acceptable
light harvesting ability [7], minimum possible aggregation poten-
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tial [8,9], as well as very low charge recombination tendency [10].
With this aim in view, miscellaneous organic dyes were examined
among which are thiophene, indoline, coumarine, and cyanine [11].
Vat based organic dyes are a new class of DSSC sensitizers exhibit-
ing superior thermal, chemical and photochemical resistance [12].
Vat compounds are classified by colour index 10 as dyes and pig-
ments. Indigo and thioindigo and their derivatives are important
members of this class. The parent molecules, indigos, are extracted
from natural plants, even though their derivatives are mostly pre-
pared industrially. On the other hand, thioindigo does not exist in
the nature and has been synthesized over the past century [11,12].

Despite acceptable intensity associated with the use of indi-
vidual organic sensitizers, the narrow range of absorption of solar
spectrum places some limits on their application [ 13]. This situation
has been resolved by introduction of co-sensitization approach,
through which m of solar cell has been enhanced significantly
[14,15]. Chang et al. fabricated a co-sensitized solar cell (Co-DSSC)
and achieved efficiency of 6.70 percent, which was well above val-
ues reported for individual DSSCs [16]. Kumara et al. proposed the
idea of mixing dyes in a solution containing organic and natural
photosensitizers, thereby improved efficiency of Co-DSSCs up to
1.13 percent [17]. Nonetheless, the spectrum range was not still
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wide enough to warrant a high light harvesting ability responsible
for elevating the efficiency. This inability was arisen from disuse of
blue hue organic dye in the studied systems.

To the best of our knowledge, there is no report on lab- or
industrial- scale production of vat based Co-DSSCs. The merit of
vat based organic dyes lies in their low molecular weight, as well
as the ability to yield blue hue guaranteeing a wide wavelength
interval. Nonetheless, aggregation of vat dyes leading to banned
or reduced electron transfer from the exited dye molecules to
the photoelectrode should be taken into account when design-
ing Co-DSSCs [18]. From this perspective, it seemed essential to
utilize anti-aggregation agents in fabrication of DSSCs. The litera-
ture provides useful information on to what extent concentration
of anti-aggregation agent governs the m of DSSCs [19]. Since DSSC
devices work on the basis of one sun illumination, temperature
plays a key role in solar cell performance [20].

Although the importance of m of DSSCs has been noticed by the
researchers and engineers alike, a few reported on durability (D)
of such devices, in spite of its vital importance from an application
point of view. Takada et al. [21] and Lin et al. [22] noticed some
points to improve D of DSSCs. Accordingly, it was found that uti-
lization of carbon as working electrode or Pt as counter electrode
improves the D of DSSCs. Nonetheless, available reports still lack
a complete view on how D of DSSCs can be optimized by manipu-
lating operational and assembling variables. An alternative method
would be application of Co-DSSCs in which two vat-based organic
dyes are mixed together and applied directly instead of sequen-
tially. In a previous work we reported on enhancement of cell
efficiency when using two dyes with respect to the case each dye
was applied [23]. Nevertheless, the role of assembling and operat-
ing parameters has not been studied.

In the present work, we systematically changed volume ratio of
dyes, performance temperature, and concentration of Cheno anti-
aggregation agent to fabricate a series of Co-DSSCs to control m
and D of Co-DSSCs using Response Surface Methodology (RSM) and
Desirability Function (DF). Such combinatorial approach has been
successfully applied by others for solving different multi-criteria
optimization problems [24-26]. On the basis of RSM, volume ratio
of vat-based organic dyes in a binary dye solution, concentra-
tion of anti-aggregation agent, and performance temperature were
changed systematically, as explanatory variables, to enable con-
current control of m and D of Co-DSSCs. Of note, the idea of
manufacturing Co-DSSCs with maximum attainable m and D has
been disclosed here for the first time. Statistical analyses based on
first-order, first-order with interaction, and second-order regres-
sion functions provided a detailed information about dependency
of Co-DSSCs on performance temperature, which is the key finding
of this work. Multi-objective optimization of the aforementioned
targets by DF approach draws a new direction in identifying the
individual and interactive effects of assembling and operational
variables on m and D of Co-DSSCs.

2. Experimental design and statistical analyses

All ingredients used in synthesis and preparation of solar cells
were analytical grades provided by Merck Co. and used as received.
The two organic dyes, hereafter referred to as Dye 1 (indigo dye)
and Dye 2 (thioindigo dye), innovatively synthesized and fully char-
acterized in our previous papers were also used without further
treatment [12,27]. These organic dyes were manufactured on the
basis of indoxyl and thioindoxyl, respectively, through standard
reactions and purified. Different mixtures of the assigned dyes were
applied in production of Co-DSSCs.

To investigate the performance of manufactured Co-DSSCs,
action spectra corresponding to each device were measured under

Table 1
Experimental range and coded levels of independent variables.

Variable Symbols Unit Ranges and levels
-1 0 1
Volume of Dye1 A (mL) 0 2.5 5
Performance- B (°C) 10 30 50
temperature
Concentration of C (mM) 0 10 20
anti-aggregation
agent

monochromatic light with a constant photon number (5 x 101>
photon cm~2 s~1). Photocurrent-photovoltage (J-V) characteristics
of devices was measured under illumination with AM 1.5 simulated
sun light (100 mW cm~2) through a shading mast (5.0 mm x 4 mm)
by using a Bunko-Keiki CEP-2000 system.

In the light of previous studies, three explanatory variables
including volume ratio of organic dyes (Dye 1/Dye 2), concentra-
tion of anti-aggregation agent, and performance-temperature were
selected, as the most influential factors governing the n and D of
DSSCs, and changed (Table 1). Since total volume of dye mixtures
was unconditionally kept constant at 5 mL, we detected variations
inm and D as a function of Dye 1 vol. Obviously, the volume of Dye
2 in the mixture can be simply calculated subtracting volume of
Dyel by total volume of 5 mL.

Application of RSM enabled systematic evaluation of the effects
of chosen assembling and operational parameters, nominated as A,
B, and Cin Table 1, on the m and D of Co-DSSCs.

In general, first and second-order regression functions are suit-
able for analyzing the problem of interest, as follows [28]:

y=PBo+Bix1+Baxa + .eeeeenn BiXy + € (1)
k k k
y=PBo+ Zﬁjxj + Zﬁjjsz + Z Z Bijxix;j + €. (2)
j=1 j=1 i<j=2

In the above formulas, x and y are indicative of changing and
response variables, respectively. Approximating functions take
noises or errors in prediction of response variable into account
in terms of ¢ in Eqs. (1) and (2). The coefficients 81, 85, ..., and
B in Eq. (1) take the main effects of changing variables on the
selected response variable (in the current work v or D), while coef-
ficients B;; and B;; in Eq. (2) are known as curvature and interaction
terms reflecting the interactive effects between changing variables,
respectively. When one has aimed at investigating the interac-
tion between changing variables, quadratic interpolation function
could provide more information about actual effects of parameters
[29-32].

According to variation levels proposed by RSM, fifteen solar
cells were manufactured and their y and D were measured and
tabulated. Based on three-factor Box-Behnken Design (BBD), fif-
teen experiments were designed as represented in Table 2. Design
Expert software package version 7 was used for design analysis and
optimization.

In case of RSM, three types of regression functions were applied
to experimental data: (i) linear model; (ii) linear model with
interactions; and (iii) quadratic model. The coefficient of deter-
mination (R-squared or R?) and adjusted R? (Adjusted-R2) were
compared in each case to indicate which model brings more pre-
cision among all studied models. In addition, depending on the
selected response, the reduced form of the regression function was
considered through which a better fit was obtained. Accordingly,
we realized which factors, independently or simultaneously affect
the m and D target variables.

The set of optimal solutions was obtained, in the second step
of optimization, with the aid of multi-criteria optimization by DF
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Table 2

Different experiments proposed by the RSM to be performed.
Experimental runs A B C mn (%) D (h)
1 5 30 20 2.72 1700
2 25 30 10 6.58 1100
3 5 50 10 3.65 1600
4 2.5 50 0 532 800
5 25 10 20 5.74 1200
6 5 30 0 3.45 1800
7 2.5 50 20 4.59 600
8 0 30 20 4.97 700
9 25 30 10 6.58 1000
10 0 50 10 5.99 600
11 0 10 10 7.19 800
12 5 10 10 491 1900
13 2.5 10 0 6.68 1300
14 0 30 0 5.81 800
15 25 30 10 6.59 1100

approach on quadratic mathematical models obtained by RSM [24].
Derringer and Suich proposed three types of individual desirability
functions, namely Nominal-The-Best (NTB), Larger-The-Best (LTB),
and Smaller-The-Best (STB) [33]. The dimensionless desirability
value d is defined as the transformed value of the measured prop-
erties of each predicted response y. In case of LTB, the desirability
is defined as follows:

y-L* ,
dz\m\ ,L<y<U, withd=0 fory <L and

d=1 fory>U. 3)

Likewise, in case of STB the desirability is defined as:

y-u® .
d=|7—p! - L=y =U, withd=0 fory > U and

d=1 fory>1L. (4)

In the above relations, « is a user-specified parameter that takes a
non-zero value, while L and U are specified depending on the math-
ematical model obtained through RSM. To perform multi-objective
optimization, a single criterion is created aggregating the individual
desirability functions (d;) into a weighted geometric mean compos-
ite desirability function (CD) [34]:

1
€D = ((d1)"1(d2)"...(dp) ") 2" (5)

where w; quantities reflect the priorities in the importance of d;
functions. The objective in multi-objective optimization is to max-
imize the CD (CD =1) corresponding to the case when all responses
are on-target (d; =1).On the other hand, CD takes value of zero when
at least one response is outside of the specification limits (d; =0, for
any i). For intermediate cases, the CD takes a value less than or
equal to the lowest value of d;. Thus, the CD ranges between 0 and
1, respectively suggesting unacceptable and exactly target values.
Depending on the goodness of balance between d; quantities, an
increase in value of CD is expected [35].

3. Results and discussion

First, photovoltaic properties of each device are measured and
compared to find through a crude approximation the association
between co-sensitization behavior and performance of co-DSSCs.
All devices are investigated under the standard global AM 1.5
solar condition [36]. The DSSCs with co-sensitization of Dye1/Dye2
revealed, at best, power conversion efficiency of ca. 6.17% at
Dye1/Dye2 vol ratio of 2/3. The corresponding value for co-DSSCs
in the presence of anti-aggregation agent has increased to 6.82%.
The effect of temperature on DSSCs performance has also been

viewed. Of note, characterization of DSSCs is performed at ambient
temperature (25°C), while the temperature in practical applica-
tions is above this value. To assess this, higher temperatures were
applied in construction, where photovoltaic properties decreased
with increase of the temperature.

To find the criterion under which m and D both take the maxi-
mum possible quantities, it is essential to optimize each response
individually. As described in the previous sections, the use of
a mixture of dyes itself brings the benefit of broadening the
light absorption interval [37,38]. The most critical question to be
answered is whether or not a set of optimized assembling and oper-
ational parameters maximizing one target would unconditionally
maximize the other target. In the following, we describe in details
the procedure of finding the best interpolating function describing
the behaviour of m and D over the experimental range of explana-
tory variables A, B, and C defined in Table 1. On the basis of analysis
of variance (ANOVA), the reliability of the proposed mathematical
model by RSM will be determined and, if necessary, the reduced
models with higher degree of reliability will be suggested in each
case. The order of significance of the changing variables, individu-
ally or interactively, as well as bivariate contour plots are provided
for better understanding of sensitivity of each response variable
to the cell performance parameters. Taking into consideration the
mathematical models obtained through RSM, the multi-criteria
optimization by DF approach will specify to what extent combi-
nation of RSM and DF helps for manufacturing high-performance
Co-DSSCs.

3.1. Individual optimization of targets by RSM

Typically, the analysis of RSM has three steps: (i) finding a
response function, (ii) interpreting the obtained model; and (iii)
identifying the optimum criteria. We applied different models to
the experimental data to find the best interpolating function among
possible cases when using BBD methodology [29,30]. Interpreta-
tions were based on the reduced model obtained through statistical
interpretation of the results.

3.1.1. Analysis of n

Application of Design Expert software indicated that the
quadratic model provides the best regression function among
examined patterns as realized from sequential sum of squares and
lack of fit tests. Table 3 shows the ANOVA for the reduced quadratic
model obtained for m, in which the p-value of the model is very
meaningful ( <0.0001). In this table, all predictors are meaningful
and the p-value of the lack of fit test (0.0518) replies on the ade-
quacy of model. The R-squared value of 0.9999 demonstrates that
99.99 percent of variability of the gathered data can be expressed
by the linear model, which is acceptable.

The reduced quadratic model applied to the real experimental
datais given in Eq. (6). The main, interaction, contour and response
surface plots were inspired from the obtained model and employed
to further investigate m response.

n =7.05563 + 0.52483 x Dyel + 0.16871
xC —0.048438 x T 4 0.0011 x Dyel x C
4+0.000262 x T x C — 0.19947 x Dye12 — 0.010992
xC? +0.0002458 x T?

(6)

It can be realized from Eq. (6) that the chosen manufacturing
parameters are distinctly and interactively contributed to the vari-
ability m, for both curvature and interaction terms are appeared
in the quadratic model. Therefore, power conversion efficiency is
highly sensitive to the chosen manufacturing parameters. In such
situation, the coin of m optimization has a promising head on one
side and a critical tail on the other. The involvement of almost
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ANOVA table assigned to quadratic model relating to m response.
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Source Sum of Squares df Mean Square F Value p-value Prob>F
Model 24.80 8 3.10 7319.22 <0.0001 significant
A-Dyel/Dye2 10.65 1 10.65 25138.89 <0.0001 -
B-T 3.09 1 3.09 7288.79 <0.0001 -
c-C 1.31 1 1.31 3097.65 <0.0001 -
AC 3.025E-003 1 3.025E-003 7.14 0.0369 -
BC 0.011 1 0.011 26.03 0.0022 -
A2 5.74 1 5.74 13546.63 <0.0001 -
B? 0.036 1 0.036 84.28 <0.0001 -
c? 4.46 1 4.46 10530.71 <0.0001 -
Residual 2.542E-003 6 4,236E-004 - - -
Lack of Fit 2.475E-003 4 6.187E-004 18.56 0.0518 not significant
Pure Error 6.667E-005 2 3.333E-005 - - -
Cor Total 24.81 14 - - - -
Std. Dev. 0.021 - R-Squared 0.9999 - -
Mean 5.38 Adj R-Squared 0.9998 - -
CV.% 0.38 - Pred R-Squared 0.9989 - -
PRESS 0.027 - Adeq Precision 282.4980 - -
Predicted vs. Actual Charge Transfer (MLCT) effect [20], increase of temperature could
reduce the charge recombination at dye-photoelectrode interface,
7.30 — thereby provides a higher V¢ value. There is sufficient evidence
that a strong recombination governs the performance of DSSCs by
2 lowering the Jsc [12]. In addition, the m of DSSCs resembles more
ara and less the Jsc behaviour. As a result, as in Fig. 2a, the m of DSSCs
declines upon increase of temperature. It is believed that the results
of this study visualize in an appropriate way this fact. Overall, sta-
E tistical evaluations revealed that for maximizing the value of ) in
-% 5.00 — the studied range of variables, manufacturing parameters have to
é be adjusted as: T=10, Dye1/Dye2 =1.34/3.66 and C=7.86 x 10-3.
3.1.2. Analysis of D
3:854 Experimental data summarized in Table 2 suggest that n and
D values of DSSCs devices are almost moved in an adverse direc-
tion. This is mostly reported for solar cells, and places some serious
270 limitations on the use of these devices. It can be realized from
| ‘ ‘ | : the statistical criteria in Table 4 that a reduced quadratic model,
2.71 3.83 4.96 6.08 721 containing less terms compared to Eq. (6), satisfactorily describes
variation behaviour of D response over the experimental test
Actial bounds. Table 4 shows that the linear effects of all factors and the

Fig. 1. Predicted values of 1 vs. actual values based on Eq. (6).

all possible terms in Eq. (6) provides a wider range of freedom
in working with manufacturing variables, meanwhile a stronger
dependency of m on very small changes in them. The predictability
of the reduced model toward m is featured in Fig. 1. It is apparent
thatEq.(6) can exactly predict the behaviour of ) over experimental
range considered in the current work for manufacturing variables.

Fig. 2a illustrates bivariate plots of m as a function of anti-
aggregation agent concentration and dye volume ratio at different
manufacturing temperatures. The main finding is that the studied
manufacturing parameters have a substantial impact on the m of
solar cells. The significant colour change observed for plots pro-
vided at different temperatures is a signature of dependency of n
on characterization temperature. In other words, increase of man-
ufacturing temperature adversely affects the m, which is featured
in disappearance of reddish regions. It is also apparent from plots in
Fig. 2a that obtaining high values of m) could be associated with low
or intermediate values for anti-aggregation agent concentration
and dye volume ratio.

According to Arrhenius law, the diffusion coefficient of electron
to nanostructured substrate increases exponentially with temper-
ature and, through which, a rise in short circuit current (Jsc) would
be expected [19]. On the other hand, according to the Metal Ligand

quadratic effect of Dye1/Dye2 are meaningful. Noticeably, however,
A, B, and C explanatory variables have shown no interactive effects
on D target. This indicates that manufacturing parameters have
somewhat different effect on the studied responses. The reduced
approximating function predicting D variation with individual and
quadratic coefficients is given through Eq. (7):

D =1087.5 +26.42758 x Dyel — 6.2500 x C — 10.0000

xT + 35.71429 x Dye1? (7)

The goodness of the obtained quadratic model in predicting
response D is illustrated through Fig. 3. A first glimpse at the plot
confirms that at lower values of D, which is roughly the case where
1 takes the highest possible quantities, the model suffers from
insufficient precision.

Contour plots of D response are provided in Fig. 2b. It is obvi-
ous that the behaviour of D response over the studied range of
variables is different in comparison with the m with circular con-
tours. This indicates that D criterion has not been influenced by the
anti-aggregation agent concentration. Even at a low temperature
of 10°C, the red zone is situated on the top of the plot, where a
mixture mostly contained of Dye1, irrespective of anti-aggregation
agent content, gives the opportunity for maximizing D response.
Thus, it can be concluded that Dyel and Dye2 are responsible for
maximizing the D and m of DSSCs, respectively. This can be simply
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1054.17
0.00 5.00 10.00 15.00 20.00 0.00 5.00 10.00 15.00 20,00
C C
T=10 T=10
[3.403]
1429.17]
[1237.9
< <
854.167
0.00 5.00 10.00 15.00 20.00 0.00 5.00 10.00 15.00 20.00
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T=30 L=30
m
-
< <
654.167]
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C C.
=50 T=50

Fig. 2. Contour plots of m {(a) series plots on the left side} and D {(b) series blots on the right side} in terms of ante-aggregation agent concentration and dye volume ratio

at different manufacturing temperature levels.
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Source Sum of Squares df Mean Square F Value p-value Prob > F
Model 2.639E +006 4 6.596E + 005 88.16 <0.0001 significant
A-Dyel 2.101E+006 1 2.101E+006 280.84 <0.0001
B-T 3.200E + 005 1 3.200E + 005 42.77 <0.0001
c-C 31250.00 1 31250.00 418 0.0682
A2 1.860E + 005 1 1.860E +005 24.86 0.0005
Residual 74821.43 10 7482.14 - -
Lack of Fit 68154.76 8 8519.35 2.56 0.3115 not significant
Pure Error 6666.67 2 3333.33 - -
Cor Total 2.713E+006 14 - - -
Std. Dev. 86.50 - R-Squared 0.9724 -
Mean 1133.33 - Adj R-Squared 0.9614 -
CV.% 7.63 - Pred R-Squared 0.9342 -
PRESS 1.785E+005 - Adeq Precision 28.5340 -
Predicted vs. Actual m and D are changed to d; and d, desirabilities to be correlated with
the CD defined as:
2000.00 )
CD = (dy.d3) 2 (8)
The desirability is then interrelated to the nature of the problem.
1625:00 Since the m took values in the range 2.72-7.62, this interval should
principally have the target desirability. The maximum desirability
3 was set to take a value greater than 7.62, hence, d; can be defined
8
.9 _ as:
i 1250.00
2
- 0 1y < 2.72
y1—2.72
375:00— dy = —247 7272 <y1 <719 9)
1 ;y1 > 7.19
500.00 | For the second response variable, since the D has taken values
: : | ‘ | in the range 600-1900, this interval has the target desirability. The
525.00 881.25 1237.50 1593.75 1950.00 maximum desirability was allowed for taking valuea greater than
1900, hence, d, can be defined as:
Actual

Fig. 3. Predicted values of D vs. actual values based on Eq. (7).

accepted comparing the D and ) values of solar cells manufactured
based on experimental runs 11 and 12 in Table 2. In a similar fash-
ion, comparison between D and ) values of experiments 5 and 13
in the assigned table suggests that anti-aggregation agent has a
negligible effect on the performance of Co-DSSCs.

For the sake of further explanation, it should be noticed that D
depends not only on the chemical stability of organic dyes, but also
on how tightly they are anchored covalently to the nanostructured
substrate [20].In general, vat based dyes are known because of their
excellent thermal, chemical and photochemical stability, which is
expected to strengthen the D of solar cells. Nonetheless, factors
affecting D and m are almost acting in different directions. Typically,
the stability of indigo dyes (here Dye1) is higher than of thioindigo
dyes (here Dye2) [21]. As a result, it is expected to yield larger D
values when the mixture is mostly containing Dye1, which is in full
agreement with our observations.

3.2. Multi-criteria optimization of targets by DF

The results presented and discussed in the previous section
demonstrated that factors affecting D and mj somehow act in differ-
ent directions so as to make difficult multi-objective optimization
of cell performance. Application of DF technique reflects to what
extent a given problem allows for such optimization. Accordingly,

0 ;Y2 < 600
y2 — 600
dy = 1300 ;600 <y, <1900 (10)
1 1 y2 > 1900

In this regard, the quantities of changing variables are manipu-
lated to meet the highest CD value, as far as possible close to unity.
This has been carried out by Design Expert software. A number of
the best solutions among the ones proposed by the software are
listed in Table 5.

As can be seen, the results are sorted in accord with desirabil-
ity, however, they are closely suggesting a unique solution, that
is m=6.2% and D=1620h, which are achieved at Dye1/Dye2 =4/1,
T=10°C, and C=7mM. Particularly interesting are the levels
suggested for explanatory variables through multi-criteria opti-
mization by DF approach, which are completely different with
those proposed by RSM based on individual optimization of each
response. In other words, in contrast to single-objective problems,
a mixture of Dye1 and Dye2 is needed for taking full advantages of
m and D targets. From this perspective, development of Co-DSSCs
devices would be reasonable, while individual optimization tech-
nique still suggests application of single DSSCs. The overlay plots
obtained for cases with different manufacturing temperature, i.e.
levels of 10, 30 and 50°C, shed more light on the reasonability of
using Co-DSSC devices (Fig. 4). Overlay plots are contour plots at
which the yellowed region signifies the place where both responses
take the desired values. Fig. 4 indicates that vy and D could not be
concurrently controlled at the predetermined levels if temperature
was 30 or 50°C. On the other hand, at T=10°C the plot has a yel-
low zone at which m and D values are simultaneously maximized.
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Table 5
Desirability functions corresponding to the best cases of design with both responses being optimized.

Solution No. Dye1/Dye2 vol ratio(—) T(°C) C(mM) m (%) D (h) Desirability

1 4.00/1.00 10.00 7.02 6.19,650 1620.53 0.715 Selected

2 3.97/1.03 10.00 6.83 6.22,624 1611.65 0.715

3 3.94/1.06 10.00 6.94 6.25,493 1603.26 0.715

4 3.94/1.06 10.00 7.20 6.26,036 1601.59 0.715

5 3.93/1.07 10.00 7.11 6.26,798 1599.41 0.715

6 4.06/0.94 10.00 7.41 6.13,710 1637.40 0.715

Overlay Plot " Overlay Plot Overlay Plot
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250
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0.00
0.00
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0.00 5.00 10.00 15.00 20.00

C o

Fig. 4. Overlaid plots illustrating the optimized regions yielded at constant T levels of 10 (a), 30 (b), and 50°C (c) to maintain the m and D in the range of 6.6-7.7 and

1300-1900, respectively.
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Fig. 5. Contour plots of desirability corresponding to simultaneous optimization of ) and D.

Noticeably, a 2.5/2.5 mixture of dyes allows for such multi-criteria
optimization, which is in vivid opposition to the equivalent plot in
Fig. 2b.

From the perspective drawn in this work some new windows are
opened to be taken when concurrent control of n and D is the goal.
Contour plots corresponding to the different desirabilities when
optimizing both targets are drawn in Fig. 5.

In agreement with the results in Table 5, the potential of sys-
tem to yield desirability of unity is undeniably limited. Despite this,
hybridization of RSM and DF methodologies visualized the capabil-
ity of polynomial-based approximating functions in tracking and
optimizing both m and D targets.

Overall, the usefulness of the applied technique to optimize both
m and D targets has been visualized in Fig. 6. The sketch shows that
by lowering the manufacture temperature the likelihood of simul-
taneous control of m and D rises. The illustration shows that for
Co-DSSCs having dye ratio of 2.5/2.5, the possibility of concurrently
keeping m and D well above a satisfactory level rises at low manu-
facture temperatures. Noticeably, manipulation of manufacturing
temperature has a negligible effect on the V¢, while significantly
determines the Jsc value. Since the latter criterion is directly in
relationship with the ) of Co-DSSCs, fine-tuning of ) can be some-
how solely achieved by lowering the manufacturing temperature.
The interesting point, however, would be the possibility of man-
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Toward fine-tuning 1} and D

D=600 h
n=4.59%

D=1100 h
n=6.58%

T=50"C

01 02 03 0.4 0.5
Photovoltage (V)

D=1200 h
n=5.74%

T=30°C

T=10°C

02 03 04
Photovoltage (V)

05 0.6 0.7

03 04 0.5 0.6 0.7
Photovoltage (V)

Fig. 6. Illustrative visualization of the temperature effect on the performance Co-DSSCs with 2.5/2.5 Dye1/Dye2 vol ratio.

ufacturing co-DSSCs, instead of DSSCs having only one vat based
dye, in which the other operational property, that is D, takes val-
ues well above those conventionally observed for DSSCs. Thus, it
makes evident that the use of Co-DSSCs devices with two dyes,
each responsible for obtaining the desired mj or D, is reasonable, if
one can appropriately tune the level of assembling and operational
parameters to hit both predetermined values m or D targets.

4. Conclusions

A combination of RSM and DF approaches was employed to
control concurrently m and D of co-dye-sensitized solar cells (Co-
DSSCs). Application of indigo and thioindigo vat dyes, respectively
coded as Dye1 and Dye2, enabled co-sensitization of the photoan-
ode of DSSCs. The RSM was used to design an experimental plane,
where volume ratio of organic dyes, anti-aggregation agent content
and temperature were changing variables, while ) and D of Co-
DSSCs were response variables. Typical R-squared values very close
to unity, assigned to the reduced second-order models obtained for
m and D, reflected the capability of RSM in capturing the variation in
m or D. The impact of manufacturing temperature on the j and D of
c0-DSSCs has been visualized, so as to a mixture mainly composed
of Dye2 and Dye1 was responsible for achieving the maximal val-
ues for m or D, respectively. With the help of overlaid plots yielded
from multi-objective optimization of j and D, however, it was real-
ized that a mixture of Dye1 and Dye2 is needed to enhance both m
and D at manufacturing temperature of 10 °C. The use of DF enabled
simultaneous enlargement of yand D to areasonable degree, which
has not been reported yet before.
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