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ABSTRACT: An eflicient mathematical strategy in the field of solution s

processed electrochromic (EC) films is outlined as a combination of an
experimental work, modeling, and information extraction from massive m
computational data via statistical software. Design of Experiment (DOE) was
used for statistical multivariate analysis and prediction of mixtures through a m
multiple regression model, as well as the optimization of a five-component e
optimization

sol—gel precursor subjected to complex constraints. This approach

a-WOx matrix

significantly reduces the number of experiments to be realized, from 162 in

the full factorial (L = 3) and 72 in the extreme vertices (D = 2) approach down to only 30 runs, while still maintaining a high
accuracy of the analysis. By carrying out a finite number of experiments, the empirical modeling in this study shows reasonably
good prediction ability in terms of the overall EC performance. An optimized ink formulation was employed in a prototype of a
passive EC matrix fabricated in order to test and trial this optically active material system together with a solid-state electrolyte
for the prospective application in EC displays. Coupling of DOE with chromogenic material formulation shows the potential to
maximize the capabilities of these systems and ensures increased productivity in many potential solution-processed

electrochemical applications.
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B INTRODUCTION

Statistical design of mixture experiments is an established and
proven methodology in organic chemis.try,1 biochemistry,
environmental science,® chromatography,* and drug delivery;>°
however, so far very few studies have been carried out regarding
optimization of solution-processed inorganic EC materials.” In
this work, thin films are processed by the Inkjet Printing
Technique (IPT) which, as an essence of the presented
processing method, offers flexibility in deposited film
composition, high throughput, and simplicity in material
selection, when compared to the conventional methods.*’
However, optimization of the printing process by evaluating all
possible combinations of factors using single factor experiments
is time prohibitive. As there are several factors to evaluate and
potential interactions exist between the factors, multifactorial
design of experiment (DOE) should be explored as an
alternative to traditional single variable experiments. This
technique is a time and cost-effective approach for testing the
effects of many variables simultaneously. There were three
experimental design objectives. To start with, the few important
main effects (components) should be selected from the many
less important ones. It is also needed to estimate interactions
between mixture components and therefore to obtain an idea of
the local shape of the response surface one will investigate
(development of empirical model). And finally, one has to find
the optimum ink composition yielding the most preferable
performance of printed EC devices.
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The chemical deposition in which a fluid precursor
undergoes a chemical change at a solid surface, leaving a
solid thin-film, involves formulation (mixture) problems. The
discussion presented in this paper concerns the mixture
situation in which the proportions of some or all of the
components are restricted by constraints, so the entire simplex
known from the standard DOE approach cannot be used, and
the feasible region is a polytope. In a mixture experiment in
general, the independent factors (X;) are proportions of
different components of a blend which must be non-negative
and additionally satisfy the condition described by eq 1.

Zq:Xi=1
i=1

The response is assumed to depend only on the relative
proportions of components present in the mixture and not on
the amount of the mixture. Moreover, it is assumed that the
errors are independent and identically distributed with a zero
mean and common variances.

A common experimental methodology is a full factorial
design with all possible combinations of all the input factors. In
the case of the constrained mixture design with a specified
number of components (q), a full factorial experiment can be
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performed in the proportions or amounts of only ¢ — 1 of the
components, while the gth stays unused.'® The gth component
can of course be calculated as the missing part of the complete
mixture. In a complete experiment, all combinations of the
levels (L) of all ¢ — 1 factors are tested. The number of
experimental runs in the full factorial design grows exponen-
tially with the number of mixture components according to the
LD formula, as it is shown in Figure la. Despite the high
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Figure 1. Relationship between minimum number of experimental
runs and number of components in the constrained mixture for (a) full
factorial (L stands for number of levels), (b) extreme vertices (D
stands for a specified degree of midpoints identification), and (c) D-
optimal designs. (%) Number of experimental runs taking under
account only main effects.

number of experimental runs, the interpretation of significant
terms can be unclear, because variances and covariances of the
coeflicients can be large. Therefore, the independent variable
experiments such as full factorial design are rarely used for
blends, and more adequate mixture designs are preferred.

As the mixture experiment with a constrained region is not
teasible in the standard mixture design, other designs that cover
only a subportion or smaller space within the simplex are
required. One approach is called the extreme vertex design,'' in
which all of the vertices of the polytope are used, as well as the
centroids of the region, edges, faces, etc. As shown in Figure 1b,
the extreme vertex design requires a much smaller number of
experimental runs. Another feature is that the region of interest
in such a design is defined for mixtures in a more natural way
than when using the full factorial approach.

Another approach is to use a D-optimal design provided by a
computer algorithm.'”™'* Unlike the standard full factorial
design, the computer-aided D-optimal mixture design is always
nonorthogonal because effect estimates are correlated. A D-
optimal algorithm looks for a design in which the factor effects
are maximally independent of each other. This optimality
criterion minimizes the generalized variance of the parameter

estimates for a prespecified model. Among all known
mathematical models considered for mixture experiments in
which response surface is continuous over the region being
studied, the most usual are Scheffé models'> expressed by their
canonical forms in eqs 2 (linear), 3 (quadratic), 4 (special
cubic), S (cubic with no main effects), and 6 (full cubic).
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The function expressed by eq 2 connects each characteristic
response (Y;) with defined q factors (X;) accounting only for
main effects (f;) while the quadratic and cubic functions (eqs
3—6) consider also second (ﬂ ) and third (ﬂ,]k) order
interactions, respectively. The X,XJ(X X) and XXX terms
in eqs 4—6 model cubic blending of bmarles and ternaries,
respectively. The coefficients of binaries are symbolized by &;.
All these models differ from full polynomial models, because
they do not contain an intercept value (3, for i = 0). Such
simplification occurs according to the eq 1. Note that models
expressed by eq 2 do not imply an underlying physical
relationship connecting responses with independent factors.
Rather, this empirical model is used to estimate statistical
significance. Just as the quadratic model is an augmented linear
model, the cubic ones are augmented quadratic models. The
first order quadratic model (m = 1) expressed by eq 3 has the
ability to supply high regression coefficients while simulta-
neously minimizing the overall number of coefficients (p)
relative to cubic (eqs 4—6) or second order (m = 2) models,
which can be summarized (excluding the special cubic model)
by eq 7.

_ (g+m—1)!
m!(qg — 1)! (7)

The D-optimal design not only reduces the number of
experimental runs as shown in Figure lc but also keeps the
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Figure 2. Schematic diagram representing the elements of the studied material system and corresponding technological steps.

more reasonable analysis for the experimental data than the
fractional factorial experimental design or extreme vertex
design. Additionally, the D-optimal design enables the inclusion
of a certain number of experiments already performed and
considers them during the analysis, which is not possible in the
case of any classical design. D-optimal design seems to be the
most powerful tool to cope with a situation when the region of
interest is subjected to complex constraints, as the main
objective is to conduct reliable analysis of the mixture with the
least number of runs. According to this method, a mathematical
model is obtained which helps to transport the complexity of
studied problem into an easy to handle and practical form.

In the present study, a screening design method has been
selected to characterize the inkjet printing process of dual phase
a-WO;/TiO,/WOy films, because the problem studied involves
a large number of input factors. Such an experimental plan is
intended to find the few significant factors from a list of many
potential ones and to identify significant effects. The second
goal is to build a predictive model for optimization of the ink
formulation, which requires precise mathematical modeling.
Thus, the DOE approach for mixtures with constraints consists
of the following phases: (i) identification of factors (mixture
components) that affect the outcome of the experiment and of
responses that yield a measure of the outcome, (ii) selection of
the appropriate experimental design for screening/surface
modeling, (iii) generation of the design matrix, determining
which experiments will be conducted, (iv) conducting the
experiments and data collection, (v) data fitting and generation
of mathematical models for each response, (vi) analysis of
significance, (vii) mixture optimization, and (viii) drawing of
conclusions.

B RESULTS AND DISCUSSION

Design of Experiment. The studied material system
shown schematically in Figure 2 can be described as a-WO;/
TiO,/WOy, where a-WOj; stands for an amorphous matrix
formed by sol—gel reaction from the PTA precursor, while
TiO, and WOy are titanium dioxide and tungsten oxide
nanocrystals, respectively. Therefore, films developed based on
such a material system can be either amorphous or dual-phase

containing one or both kinds of metal oxide. Therefore, the
designed mixtures can be described as quinary systems solvent-
PTA-OAD-TiO,-WOy with one additional nonmixture factor
X, which stands for the WOy nominal particle oxygen content
(dual-level categorical factor with values of 2.9 for blue and 3
for yellow nanopowder). Mixtures (inks) must meet strict
physicochemical properties (viscosity, surface tension, and
maximum particle size) which impose several constraints. The
ink composition, based on a solvent with an isopropyl alcohol
to water ratio of 0.3:0.7 by weight containing less than 20 wt %
of PTA and less than S wt % of OAD results in viscosity and
surface tension values of 1.5-2 cP and 30—40 dyn cm/,
respectively, acceptable for conventional office printers (see
section 2 in the Supporting Information for more details
concerning ink rheology adjustment). The maximum nano-
particle size should be at least 100 times smaller than the nozzle
diameter (9 um), ie, 90 nm (according to Canon FINE
technology specification). Additionally, all samples must
contain the PTA component (>1 wt %) in order to ensure
the existence of an amorphous phase which guarantees the EC
effect by allowing electronic conduction to take place through a
low temperature process. On the basis of imposed restrictions,
the values of individual weight fraction ranges and categorical
levels of factors were defined as follows: 0 < wy e < 0.99, 0.01
S wppa £0.2, 0 S wppp £0.05, 0 < wrip, < 0.99, 0 < wyo, <
0.99, X = {2.9, blue; 3:, yellow}. Because of the complexity of
such a constricted experimental area, the application of a D-
optimal algorithm for experimental design seems essential. A
detailed technical description of how a D-optimal design is
constructed is beyond the scope of this paper. In simple terms,
a D-optimal design is a straight optimization based on both the
optimality criterion and the model that will be fitted. The
optimality criterion results in minimizing the variance of the
parameter estimates for a prespecified model. Based on pre-
existing information gained in preliminary experiments, one can
hypothesize a more complex model than linear for a mixture
under study. Figure 3 shows Average Variance of Prediction
calculated by the D-optimal algorithm, as a function of the
number of experimental runs. A design that has lower Average
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Figure 3. Design diagnostic by evaluation of average variance of
prediction as a function of the number of experimental runs for a
quinary system with one additional nonmixture factor X. The default
number of runs suggested by the D-optimal algorithm for each Scheffé
model is marked, as well as the determined budged of time and
materials.

Variance of Prediction for a considered number of runs is
preferred. Therefore, a properly designed experiment originates

a low average variance of prediction, while keeping the number
of runs within a given budget for the time and materials needed.
Supporting a quadratic model requires fewer experimental runs
than supporting any of the cubic models and yields a more
accurate prediction. Furthermore, the quadratic model is
sufficient not only for the screening procedure which enables
identification of components of the model that have no effect
on the response but also to create the response surface model
necessary for the optimization purposes. Briefly, the quadratic,
first order polynomial function (Scheffé model) expressed by
eq 3 was proposed as an appropriate model for modeling the
response data as functions of the so defined mixture
components with one categorical factor (see section 7 in the
Supporting Information for more details). The minimum
number of runs in the computer aided D-optimal design for six
factors studied that could fit main effects and two-factor
interactions is 20, while the default number suggested by the
design generator is 30. As a number of 30 runs does not exceed
the available budget for both time and materials, the final
design was composed of 30 experiments. Once a decision was
made about the mathematical form to fit the responses, the next
step was to develop a suitable design of experiments to
adequately support such a model. A graphical representation of
the generated design is presented in Figure 4 as a ternary plot
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Figure 4. Graphical visualization of the experimental design generated

according to the mixture design with one nonmixture component methodology

for a quadratic Scheffé model. Variables: w,qjeny Weras Woans Wrioy Wwo, and X stand for weight fractions of solvent, PTA (precursor), oxalic acid,

TiO, dispersion, WOy dispersion, and oxygen stoichiometry of WOy

nanocrystals, respectively.
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(Weolvent Wrioy Wwox) with 2D subplots (Wpray Woap) and

colored points (X), enabling the visualization of how all design
points were allocated in the design space. It can be observed
that the D-optimal design tends to assign design points at the
borders and corners of the design space, which is typical for this
algorithm. The major edges of analysis were indicated and
numbered in the plot according to (1) the increase in
nanocrystalline solid concentration at a fixed 1:1 ratio for
TiO, and WOy, (2) the increase in concentration of TiO,
nanocrystals (no WOy content), (3) the increase in
concentration of WOy nanocrystals (no TiO, content), and
(4) the proportions of TiO, and WO, dispersions in the ink
without pure solvent. The order of runs was fully randomized
to minimize the effect of uncontrolled factors that could affect
the final result. This is a particular case of the mixture design
coupled with one categorical factor which requires the use of a
number of runs at least equal to double the number of
unknown coefficients in eq 3. Since wyyo and X factors are

dependent, each pair of runs (S, 18), (8, 26), (10, 17), and (14,
22) describes the same experiment. Those experiments cannot
be merged, because deleting the duplicates would cause a
necessity of a new D-optimal model generation. Ultimately,
there were 26 independent runs in D-optimal design and four
additional runs serving as checkpoints for the mathematical
model. The selected experimental design is sufficient not only
to fit the proposed quadratic first order polynomial model but
allows testing the model’s adequacy as well.

The use of the computer aided D-optimal design successfully
reduced the number of overall experimental trials from 162
defined for three-level full factorial design or 72 defined for
second-degree extreme vertices design down to 30 runs in the
present studies. For each of the experimental runs, a printable
solution and targets were freshly prepared just before use in the
laboratory experiment.

Fitting of Experimental Data. The design of experiment
and statistical data analysis were performed using JMP 8.0
(S.A.S. Institute Inc, Cary, NC, USA). Ternary contour
graphical presentations of the models were generated in JMP
8.0 and processed graphically wituy the Visio 2010 (Microsoft
Corp., Redmond, WA) diagramming tool.

The mathematical fittings based on multiple regression have
been performed for each categorical factor level using the first
order polynomial function (quadratic) expressed by eq 8.

5 4 s
Yick<is = Z'B,Xl + Z Z ,B,.}Xin + e

i=1 i=1 j=i+l (8)

Surface responses Y, (1 < k < 16) were determined by five
controlled mixture components X; (1 < i < §), the coefficients
of the main factors, and the coefficients of the first order
interactions f; and f;, respectively, and & which represents a
random error of the method. This model can be used to predict
the response for any condition within the experimental space.

From the measurements of developed devices, 16 responses
were obtained: mechanical, optical, electrical, fluidic (ink), and
overall performance parameters. Because of the complexity of
analysis and the high number of studied responses, the
considerations are limited to the main parameters that describe
switching kinetics and overall performance of EC films, namely
coloration time (7,), bleaching time (7)), optical density
(AOD), and coloration efficiency (CE; see section 6 in the
Supporting Information for definitions). The measured values

of selected parameters corresponding to each experimental run
are presented in Table 1.

Table 1. Measured Values of Selected Parameters
Corresponding to Each Experimental Run

run® T (8) 7 (s) AOD (x 1072) CE (em? C7Y)
1 14 9 36.18 188.42
()

(3)

4 2b 3 425 29.13
5 3 4 115 83.95
6 4 s 46.05 22572
7 9 4 825 70.51
8 4 4 3.84 34.87
9 10 7 37.73 474.01¢
10 4 3 1023 73.6
11 4 2P 2331 187.99
12 11 9 38.72 1752
13 10 7 26.85 80.88
14 3 3 50.98 383.31
(15)

16 8 6 45 1529
(17)

18 6 2P 1.36° 2.84%
19 4 8 75.3 404.82
20 2 4 6.95 4372
21 14¢ 12¢ 82.64° 454.09
22 4 s 46.44 305.56
23 4 2P 20.72 199.22
24 5 5 1821 130.05
25 3 2P 17.56 91.96
26 8 5 9.39 46.48
(27)

28 9 2P 13.12 48.04
(29)

30 s 6 55.93 321.43

“(-) Experimental runs excluded from subsequent statistical analysis
due to the device malfunction caused by uncontrollable factors
(incorrect encapsulation, film failure, etc.). *Minimum response
obtained (YP"). “Maximum response obtained (Yp™).

A discussion on the microstructural and morphological
aspects related to inkjet printed dual-phase a-WO,;/TiO,/WOy
films is beyond the scope of this paper and is presented
elswere.*® Briefly, the modeled responses presented in Figure 5
were generated at the major edges of analysis defined in Figure
4. By analyzing those plots, it is clear that a substantial
reduction in 7., and 7y values is obtained when increasing the
TiO, content, while increasing the WOy content results in the
opposite effect. This observation can be explained by increased
volume of grain boundaries in highly WOy doped films, which
enhances the trapping of free charge carriers. On the other
hand, when increasing the TiO, content in the film, the amount
of residual charges in a-WO;/WOy film decreases due to the
enhancement of the reversibility of the redox process. The
modeled AOD response in Figure Sd indicates that films
containing a large amount of TiO, nanoparticles (0.76 wt %)
with a small share of WOy content (022 wt %) in the
amorphous matrix exhibit the highest transmission modulation
(AOD = 0.38), which is attributed to two mechanisms. First, it
is much easier for the TiO, nanocrystals to conduct Li" ions
into the film than for a-WO; or WOy. Second, the TiO,
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Figure 5. Modeled response plots presenting variation in 7, 7, AOD, and CE at the major edges of analysis defined in Figure 4. wpr, = 0.01, woap
= 0.01, X = 3{yellow}; dashed line represents physically unreliable data (values of 7., and 7., below 2 s were not recorded). The optimum ink

formulation and related values of responses were indicated.

nanocrystals increase the surface area of the optically active a-
WO; matrix, providing a higher number of electrochemically
reactive sites. The overall device performance expressed by CE
is closely related to the optical modulation and reveals similar
behavior as a function of TiO,/WOy solid content.

The contour plot on a trilinear coordinate scale was used to
present predictions of experimental results obtained via the
multiple regression fitting. This graphical methodology
provides an easy way to demonstrate the efficacy of the
enhanced performance of printed EC films. Ternary plots were
generated as a function of TiO,/WOjy nanocrystalline content
while the concentrations of other components (PTA, OAD)
were kept constant (Figure 6). The third axis stood for pure
alcoholic aqueous solvent in order to quantify the amount of
nanocrystals dispersed in the ink and afterward transferred to
the printed films. The effect on EC film properties of the type
and content of metal oxide nanoparticles in the precursor sol
formulated under various peroxopolytungstic acid (PTA) and
oxalic acid (OAD) proportions have been comprehensively
described elsewhere.'

Empirical Model Validation. The model optimality was
evaluated on the basis of a summary of the fit (the least-squares
regression) and of analysis of variance (ANOVA) parameters,
presented in Table 2. The polynomial response modeling
(quadratic) offered by the screening design appeared to be
sufficient for the optical density (AOD) and coloration
efficiency (CE) due to its ability to supply high coefficient of
determination (R*-adj) values of 0.87 and 0.98, respectively,

10

indicating a good correspondence between the model
prediction (fitting) and the experiments, while simultaneously
minimizing the overall number of coeflicients. The ANOVA
significance probabilities (Prob > F) of 0.0235 and 0.0006,
respectively, support the accuracy of the model. In case of
coloration time (7.,) and bleaching time (), the regression
coefficients were 0.51 and 0.72, while significance probabilities
were 0.2228 and 0.0893, respectively, indicating that the
models for those responses are only slightly better than the
overall response mean, yielding a small number of significant
regression factors. The size of random noise (residual variance),
as measured by Normalized Root Mean Square (NRMSE), is
reflecting the same prediction abilities for 7, 7, AOD, and
CE, giving values of 21%, 14%, 10.3%, and 4.5%, respectively.
As no nonlinear response was detected for 7., and 7y, (residual
by predicted plot with a random pattern—not shown here), a
more complex design type is not required, and the lack of fit
comes from difficulties associated with accurate measurements
of those responses (see section 6 in the Supporting Information
for more details).

Briefly, the proposed experimental design methodology was
found to offer a sufficiently accurate mathematical modeling
with a complete coverage of experimental trials (R values of
0.91, 0.95, 0.98, and 1 for 7, 7y, AOD, and CE, respectively),
while the total number of designed experiments has been
reduced from 162 in the full factorial (L = 3) and 72 in the
extreme vertices (D = 2) approach, down to only 30 runs.

dx.doi.org/10.1021/co400011q | ACS Comb. Sci. 2014, 16, 5-16
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Figure 6. Empirical response contour plots presenting variation in (a) coloration time (7), (b) bleaching time (), (c) optical density (AOD),
and (d) coloration efficiency (CE) as the weight fractions of TiO, and WOy dispersions are varied (wprs = 0.01, woap = 0.01, X = 3{yellow}, values
selected via ink optimization). The triangle faded region indicates unreliable measurements due to the low optical modulation (see section 6 in the
Supporting Information for more details), while the region of rounded faded marks indicates concentrations for which discontinuous patterns were
obtained (detailed discussion on the influence of film discontinuity on data reliability is presented elswere'®).

Table 2. Model Validation Parameters

summary of fit

analysis of variance

response R? R*-adj RMSE? NRMSE? mean F ratio Prob > F
T (5) 0.91 0.51 2.52 (s) 21.0 (%) 6.25 (s) 227 0.2228
7y (s) 0.95 0.72 1.40 (s) 14.0 (%) 4.96 (s) 4.13 0.0893
AOD (x1072) 0.98 0.87 8.38 (x 1072) 10.3 (%) 27.08 (x 107%) 8.87 0.0235
CE (em* C™Y) 1 0.98 2127 (em* C™Y) 4.5 (%) 169.63 (cm® C™") 57.70 0.0006

“Root mean square error.

“Normalized root mean square error: NRMSE =

100-RMSE/(YP™ — Y{in) (%).

Analysis of Significance. The initial tests of significance of
all effects (factors and interactions) have been performed
graphically using leverage plots.'” However, due to the
complexity of this representation, the leverage graphs are not
presented here, but their qualitative results were included in
Table 3 (see section 8 in the Supporting Information for more
details).

Quantitatively, estimated effects of all factors or their
interactions are represented via the absolute value of the t
ratio and p value, graphically described in Figure 7. The ¢ ratio
shows how strong the evidence is that a selected variable
contributes something with additional relevance, while all the
other variables in the current model are already taken into
account. The p value tests the null hypothesis that each
coeflicient is statistically zero. A typical value of confidence for
rejecting this hypothesis occurs usually for (1 — p value) > 0.95.
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Thus, a large absolute value of ¢ ratio indicates that the element
should be included in the model, while a p value less than 0.05
is regarded as significant.

Analysis results of all effects based on the leverage plots
method and Student’s #-test statistics for 7., 7., AOD, and CE
responses lead to the conclusions shown in Table 3. Elements
marked by (+) indicate those coefficients that were determined
to be significant, meaning that the factor (or factor interactions)
had a major effect on a particular response value, quantifying
their importance.

As the emphasis of DOE was screening, the importance
column indicates the most significant effects (starting from
value 1) sorted by the absolute value of the t ratio, which lists
the test statistics for the hypothesis that each parameter is zero.
Each t-ratio value expresses a ratio of particular parameter
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Table 3. Results of the Factorial Analysis Obtained via the Leverage Plots Method and Student’s ¢-Test Statistics

response model

Teol Ty AOD CE
effect result” importance result” importance result” importance result” importance
Wsolvent - - + 6 + 3
WpraA -t +b 6 +° 2 +° 7
b b b b
WoAD - - - -
Wrio, - + 2 + 1 + 1
Wioy, + 1 + 1 + S + 4
Wsolvent WPTA - + N + 3 + 10
Wiolvent WOAD - - - -
Wsolvent WTiO, - - - + 6
Weglvent WWOy + 2 + 3 - + 16
Weolvent' X - - - + S
Wsolvent WTiO, - - - + 14
WpTA"WTiO, - + 7 + + 12
Wyolvent WWOy - + 4 + 4 + 13
wora X - - - + 9
WoAD Wwoy - - - -
WoaD Wwo, - - - -
Worn'X - - - + 8
WTio,"Wwoy - - - + 2
wrio, X - - - + 15
Wivo, X - - - + 11
“— Not significant. + Significant. bColinearity.
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Figure 7. Effect plot for all factors and interactions

under consideration in screening design analysis for 7., 7, AOD, and CE.

estimate to its standard error and has a Student’s t-distribution

if the hypothesis is true.

In general, the model predicts that EC performance of
printed films is enhanced by dual-phase composition, which

means that metal oxide nanocrystal concentration is critical. In
detail, the significance analysis leads to the conclusion that the
7, depends mainly on the quantity of WOy nanocrystals in the
EC layer. The 7 is influenced by the quantity of WOy and
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Figure 8. Prototype of inkjet printed all-solid-state EC transparent 8 X 8 passive matrix (100 X 100 mm) on ITO glass substrates in (a) colored and
(b) bleached state during operation and its (c) schematic cross section with thickness values of each layer.

TiO, nanocrystals and also depends of the WO; amorphous
content formed from the PTA precursor. The AOD, which
describes the optical contrast between colored and bleached
states, depends mainly on the quantity of TiO, nanocrystals
and WO; amorphous content. The significant factors with
regards to their impact on CE, which describes overall device
performance, depends to a greater or lesser extent on almost all
mixture components and their interactions, but the most
significant are TiO, and WOy crystalline nanoparticles. The
colinearity indicated by (%) obtained for main effects derived
from PTA and OAD components indicates that those two
coeflicients have no independent variation to support fitting to
any presented response variation, because they are linear
functions of other factors. While the role of PTA is evident
from coeflicients of the first order interactions, the OAD impact
on the EC performance is almost negligible. The OAD
component may therefore be eliminated from consideration
without detriment to the EC effect, simplifying the method by
reducing the number of ingredients. However, as will be shown
in following sections, that small amount of OAD (wq,p = 0.01)
was identified as a component in optimal ink formulation.
Ink Optimization. One of the reasons to fit a mathematical
model to experimental data is to find combinations of the
component proportions in a mixture setting, to reach the
maximum possible performance. Response surface maps of
experimental regions presented in Figures 5 and 6 facilitate the
decision-making process when determining the most appro-
priate ink formulation for desired individual EC responses.
However, a numerical multiresponse optimization offered by
software enables one to find the specific point that maximizes
the global desirability, and thus, optimal overall EC perform-
ance.'”® In such simultaneous optimization, the desirability
values (d;) of n responses (Y,) are combined to create an
overall desirability (D) as described by eq 9. Such definition
ensures that if any single desirability is equal to zero
(undesirable), the overall desirability is 0 as well.

D = (IG_df)' 2ot = (I f, (") 2k ()
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Thus, W, is the weight, I, is the significance and the one-sided
function f,(Y,) depends on the response’s optimization goal
(minimize or maximize) according to eq 10 showing max-
imization of Y, response (minimization is equivalent to
maximization of -Y}).

0, Yi< S Yl:nin

min
Yo - Y
max min
Yk - Yk

f (%) = [

), YO <Y, < Y

LY 2 7™ (10)
The applied desirability function f;(Y}) is a transformation of
each estimated response variable to the desirability value on a 0
to 1 scale, where O represents a completely undesirable
response and 1 represents the most desirable response.

In order to determine the best performing EC ink
formulation, the optimization goal was to minimize values of
coloration and bleaching times and maximize values of the
optical density and coloration efficiency. Weights and
importance values were set as equal (W, = I, = 1), while
desired response limits (Y3™", Y¢') were defined according to the
experimental results (indicated in Table 1), which simplifies the
overall desirability to the geometric mean of individual

desirability values expressed by eq 11.
D = (Ij_,d)"" = (Ii_f, (%)"" (11)

The resulting optimum ink formulation is described by the
following factor values (wt %):
0.01, wrip, = 0.76, wyo, = 0.22, and X = 3{yellow}, yielding the
maximum overall desirability value of 0.89. The examination of
results from the desirability profiler gives the performance
prediction for an optimized EC device in which 7. = 3.3 s, 7, =
2.8 s, AOD = 0.38, and CE = 480 cm” C™' (see Figure 5d),
thereby fulfilling all of the optimization requirements.
Prototype. An 8 X 8 EC passive matrix consisting of two
100 mm by 90 mm glass substrates with 64 pixels, 1 cm* each,
is shown in Figure 8. When applying a voltage to a selected pair

Wiolvent = 01 WpTA = 001) Woap =
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of electrodes, the ions are driven from the electrolyte into a-
WO,;/TiO,/WOy film, where they are intercalated causing the
chromatic effect (Figure 8a). Reversing the voltage returns
them to the electrolyte, resulting in the pixels’ bleaching
(Figure 8b). Although the performance measurements of the
prototype were not carried out according to the methodology
described in the Experimental Procedures, it is evident that the
matrix exhibits high optical contrast, while the switching time is
comparable to those of the fastest lab-testing devices developed
according to DOE recipes.

B EXPERIMENTAL PROCEDURES

Design Generation. A screening design has been
performed according to the Design of Experiment methodology
using JMP 8.0 statistical software (S.A.S. Institute Inc., Cary,
NC, USA). Flexible JMP’s Custom Designer has been applied
to determine the main factors and interaction effects and to
investigate the changes of the responses by varying each factor
in order to predict the device performance for all possible ink
recipe combinations. The D-optimal design using 30 runs is
shown in Table 4 and Figure 4. Please note that the final design
for the same input parameters may be different depending on

Table 4. The List of Experimental Trials (Design Matrix)
According to the Mixture Design with One Non-Mixture
Component Methodology

factors
mixture components categorical
iR Wsolvent WpTa Woap
number  (wt) (W) (Wt)  wo,(Wt)  wwo,(wt) X
1 0.539 0.010 0 0 0.451 yellow
2 0 0.200 0 0 0.800 blue
3 0 0.113 0.050 0.837 0 blue
4 0 0.200 0 0.800 0 yellow
S 0.800 0.200 0 0 0 yellow
6 0.575 0.010 0 0.415 0 yellow
7 0 0.010 0.050 0 0.940 blue
8 0 0.010 0.050 0.940 0 yellow
9 0 0.010 0 0.498 0.492 blue
10 0.940 0.010 0.050 0 0 yellow
11 0 0.010 0 0 0.990 yellow
12 0 0.200 0.050 0 0.750 blue
13 0 0.010 0 0 0.990 blue
14 0 0.010 0 0.990 0 yellow
1S 0 0.200 0 0 0.800 yellow
16 0.46S 0.010 0.026 0 0.499 blue
174 0.940 0.010 0.050 0 0 blue
18% 0.800 0.200 0 0 0 blue
19 0.866 0.109 0.025 0 0 yellow
20 0.441 0.010 0.026 0.523 0 blue
21 0 0.081 0.024 0.445 0451 yellow
22 0 0.010 0 0.990 0 blue
23 0 0.200 0.023 0.777 0 blue
24 0 0.200 0.050 0.750 0 yellow
2S5 0.990 0.010 0 0 0 blue
26 0 0.010 0.050 0.940 0 blue
27 0.351 0.200 0.050 0 0.399 yellow
28 0 0.010 0.050 0 0.940 yellow
29 0.401 0.108 0 0.491 0 blue
30 0.750 0.200 0.050 0 0 blue
“Duplicates.
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the software used, as different procedures for generating D-
optimal designs can be implemented.

Ink Formulation. Peroxopolytungstic acid (PTA) was
synthesized on the basis of the procedure reported by Kudo
et al.'”*° The tungsten metal monocrystalline powder (Aldrich,
0.6—1 pm, 99.9%) was carefully added to a 50 mL mixture
(50:50) of distilled water (Millipore) and hydrogen peroxide
(Sigma-Aldrich, 30% by weight). The cooling was employed,
and the solution was kept slowly stirring for 24 h in a
refrigerator to prevent thermal changes due to the strong
exothermic nature of the dissolution. The excess of tungsten
powder was then removed by filtration (Roth, 0.45 pm syringe
filter), leading to a transparent solution. In order to remove the
excess of hydrogen peroxide, the solution was dried at 65 °C
and washed several times with the distilled water. After drying,
a water-soluble orange crystal powder (PTA)*" was obtained. It
should be noted that the PTA synthesized in the present study
and used as a sol—gel precursor of the amorphous phase may
differ from the ones presented by other authors in terms of
composition. The PTA expressed by empirical formula WO;-
xH,0,-yH,0 was found to be crystalline or amorphous
depending on x.*° The H,0, content depends of the applied
evaporation procedure (hot plate, N, bubbling or rotary
evaporation) in precursor gynthesism‘22 and storage conditions;
therefore obtaining reproducible products in different labo-
ratories is difficult. Although an analytical determination of x
and y was not performed in the present study, it was observed
that the solid obtained from PTA has an amorphous structure
and is easily soluble in water at RT. As it is known from
elsewhere,”® such properties indicate that the synthesized
substance has a structure expressed by formula WO5-(1 > x >
0.53)H,0,-(1.5 > y > 3)H,0. It was therefore expected that
the variable amount of cheating peroxo groups [0,]*” may
affect morphological evolution during the film formation and
post-treatment, and thus result in different EC performance. As
it was crucial to obtain reproducible products for a full set of
designed experiments, the synthesis was optimized to ensure its
repeatability by implementation of a very detailed protocol.
Additionally, in order to unify the input material for an ink
formulation, products of many syntheses were mixed and
ground together. As the PTA crystals are known for their
instability, the final product was stored at low temperature
(—18 °C).

Two types of commercially available WOy nanoparticles
were used as a source of crystalline phase, WO; referred to as
yellow (Aldrich, < 100 nm) and WO,, referred to as blue
(Super Conductor Materials, 99.99%, ceramic oxide target, ~30
nm). Titania paste (Solaronix, Ti-Nanoxide T/SC, 15—20 nm,
3% by weight) was used as a source of nanocrystalline TiO,.
These nanoparticles were used in a form of aqueous (Millipore)
alcohol (Merck, 2-propanol, 99.8%) dispersions in a fixed
proportion of 30:70 and a solid content of 0.01% by weight.
The oxalic acid dihydrate (Merck) was used as received.

In order to obtain 3 g of gel electrolyte, 0.36 g of PMMA
(Fluka), 0.21 g of PEO—PPO (Zeon Chemicals), 0.33 g of
LiClO, (Fluka), and 1.75 g of propylene carbonate (Fluka,
99%) were mixed with 4 mL of tetrahydrofuran (Aldrich,
99.9%) and followed by stirring for about 4 h until a
transparent uniform lightly viscous gel was obtained.”®

Inkjet Printing. An ink was formulated according to the
DOE recipe for each lab-testing device. Particular layers (1
cm’) were printed using a modified Canon PIXMA IP4850
desktop printer (see section 1 in the Supporting Information
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for detailed printing system description) in regular intervals of
around 1 min while being exposed to a relative humidity of
50%, at 28 °C on ITO PET substrates (Sigma-Aldrich, 1000 A
of ITO, 60 Q/sq, T > 75% at 550 nm). All films were dried at
room temperature for 24 h and annealed in the air at 120 °C
(EHRET, TK4067, Germany) for 1 h.

Encapsulation. The lab-testing devices were assembled as a
sandwich structure, which includes inkjet printed EC film
(working electrode), a gel electrolyte for ion storage, and two
transparent conductors (ITO PET foil) separated by a double-
sided tape spacer (1 mm thick). The device has been sealed
with thermoplastic glue (see section 3 in the Supporting
Information for detailed procedure).

Prototype Development. A prototype of transparent EC
8 X 8 passive matrix was produced according to the structure
presented in Figure 8c in the following steps: (i) wet etching of
ITO conductive tracks substrate (0.1 M HCI at 60 °C as
etching solution; 10 mm wide scotch tape was used to mask the
ITO) on two 100 mm by 90 mm glass substrates (Xin Yan
Technology, 1200 A of ITO, 10 Q/sq, T > 85% at 550 nm), (ii)
inkjet printing of optimized a-WO;/TiO,/WOy ink formula-
tion, (iii) film annealing for 1 h in the air at 120 °C (EHRET,
TK4067, Germany), (iv) drop-casting of thermosetting
composite solid state electrolyte (manuscript describing this
material system is under preparation), (v) sandwiching with a
counter electrode, and (vi) in situ electrolyte curing under
ambient conditions.

Characterization Techniques. The structural analysis of
EC printed films was supported by SEM measurements (Auriga
SEM-FIB, Zeiss). Optical measurements were performed using
a spectrometer setup consisting of an HR4000 High-Resolution
Spectrometer (Ocean Optics), Halogen Light Source HL-2000-
FHSA (Mikropack), High Current Source Measure Unit
(KEITHLEY 238), and QP600-2-SR/BX optical fibers (type,
SR; core diameter, 600 ym; connector, QSMA; jacketing, BX).
The spectral response was measured in a wide range of
wavelengths (400—900 nm) for the films colored and bleached
after a constant time period (1 min) at operating voltage values
of 4 and —4 V, respectively (see section S in the Supporting
Information for a detailed system description). The electro-
chemical measurements (Gamry Reference 600 Potentiostat,
Gamry Instruments) were performed on assembled devices in a
two-electrode configuration in which working and working sense
are connected to a working electrode and reference and counter
are connected to a second (ITO) electrode (see section 4 in the
Supporting Information for detailed system description).

Bl CONCLUSIONS

This work demonstrated that a combination of IPT as a novel
deposition technique and the DOE methodology provides an
effective means to explore and predict the behavior of high
performance EC devices. Using the D-optimal mixture design
with one no-mixture component could reduce the total number
of experimental trials from 162 in the full factorial (L = 3) and
72 in the extreme vertices (D = 2) approach down to only 30
runs, while still maintaining a high accuracy of analysis. Very
high determination coeflicients of the empirical models have
proven the method’s ability to predict the optimal ink
formulation. The inkjet printed EC films show outstanding
performance when comparing with the state-of-the-art counter-
parts derived from analogous precursors via other deposition
techniques. Coloration and bleaching time of optimized films
reached 3.3 and 2.8 s, respectively (state-of-the-art: coloration
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time of 20—35 s for dip-coated,***® 30—53 s for spin-
coated,”>* and 94 s for electrodeposited27’28 films; bleaching
time typically of 5—20 s>*~**). Optical modulation of 0.38 is
comparable to other films derived from PTA.****** Superior
overall performance of the optimized films is reflected in
coloration efficiency reaching 480 cm® C™' (state-of-the-art:
40—60 cm? C7! for dip-coated,25 40—55 cm* C™' for spin-
coated,”* and 60 cm* C™! for electrodeposited®”*® films).
The identification of the critical process factors via the
screening experiment was essential for method optimization
itself and resulted in a reduced number of system components,
greatly simplifying the technological process.

B ASSOCIATED CONTENT

© Supporting Information

Several diagrams, pictures, and plots are provided for more
detailed description of the methodology, arguments, and
conclusions presented. They provide information about the
inkjet printing system, ink formulation details, EC device
encapsulation, electrochemical measurements setup, optical
measurements setup, definitions of parameters (responses),
design diagnostic, and initial tests of significance (leverage
plots). Moreover, a short movie is attached, so as to facilitate
the understanding of the method presented. This material is
available free of charge via the Internet at http://pubs.acs.org.
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