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ABSTRACT

Electrochromic devices (ECDs) are promising as smart windows, as they provide dynamic control over light transmission and

contribute to reducing energy costs in buildings. However, sluggish response times and low cycling stability highlight key barriers

to their commercialization. One approach to tackle these is to optimize gel polymer electrolytes (GPEs) for ECDs, as they already

balance high ionic conductivity and low risk of leakage. This study compares the GPE compositions with and without crosslinker
poly(propylene glycol) diacrylate (PPGDA) in hybrid and inorganic ECDs. These include Fe(II) metal coordination polymer
(Fe(II)-MCP) with Prussian blue (PB) and WO; with NiO,. Some of the ECD performance parameters are not altered, like contrast
ratio and coloration efficiencies, as they correspond to the electrochromic materials. By adding PPGDA to the GPE the charge
density is lower for both cell types and the cyclability over 1000 switching cycles is demonstrated. Additionally, PPGDA reduces
the bleaching time for the WO3/NiO, device, while the coloring time of the Fe(II)-MCP/PB devices slightly increases. These results
show the benefits of the crosslinker PPGDA in a GPE on response time and cycling stability of two various ECDs.

1 | Introduction

The global need for sustainable heat and advanced light control
in buildings drives the rising demand for energy-efficient electro-
chromic (EC) windows [1, 2]. Accordingly, the optimization of
EC windows represents a critical pathway toward reducing
energy costs and advancing carbon neutrality goals [3]. In general,
EC devices (ECDs) operate through reversible redox reactions that
modulate optical transmittance in response to an electrical
potential, enabling real-time control of solar heat and glare
while ensuring visual comfort [4-8]. This comfort can even be
enhanced using glass-based systems due to their clarity and uni-
form tinting, but stands out more among ECDs due to the mini-
mal risk of EC layer delamination [9-15]. In the case of large
glass-based ECDs, gel polymer electrolytes (GPEs) present nota-
ble advantages, namely long-term stability, high transparency,
and low risk for leakage [3, 16].

The performance of these ECDs, glass/transparent conductive
layer/EC cathode layer/electrolyte/EC anode layer/transparent
conductive layer/glass, critically depends on the correspon-
dence between EC materials, electrolyte systems, and interfa-
cial properties [1]. Generally, while ECDs with organic EC
materials offer greater color versatility, faster switching, and
low long-term stability, inorganic EC materials provide superior
durability and stability with limited color options and flexibility
[17-19]. For example, a typical inorganic ECD contains metal
oxides, such as WO,, NiOy, and switches between dark gray and
light yellow [5, 16, 20, 21]. Another inorganic EC material is
Prussian blue (PB), which is a metal complex and often paired
with the hybrid EC material metal coordination polymers
(e.g., metal coordination polymer (Fe(II) metal coordination
polymer (Fe(II)-MCP))—this ECD changes between a dark blue
and a light blue [4, 9, 10, 17, 22-24].
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Hence, enhancing cycling stability of ECDs by electrolyte com-
position can only be demonstrated in conjunction with the EC
materials [11, 12, 14, 15, 25, 26]. Moreover, an electrolyte affects
response time and cycling stability of ECDs, as the electrolyte has
a central role in ECDs, acting as both an ion transport and an
electrical insulator layer [2, 26-28]. In addition, the mechanical
stability of the electrolyte layer is premise to an operational
device [26, 27, 29, 30]. As a result, the required compromise
between the high ionic conductivity of a liquid electrolyte
and the mechanical stability of a solid electrolyte is a GPE
[29, 31]. GPEs, furthermore, combine flexibility with mechanical
strength, facilitating an efficient ion exchange within the electro-
lyte and at the electrode-electrolyte interfaces [1, 32]. Their high
ionic conductivity (1073 S-cm™ at 25°C) combined with mechan-
ical stability of a polymer matrix and high transparency (visible
light transmittance >90% [26]) are responsible for a fast charge
transport and so a uniform color change [25, 29]. Crosslinkers
provide another path for optimizing GPE composition by shaping
the three-dimensional structure of the polymer network, which
in turn directly impacts ionic conductivity, mechanical stability,
and electrochemical interface features [33, 34].

The choice of crosslinker determines the change to the GPE com-
position [33]. Previous research has often focused on using cross-
linkers based on polyethylene oxides or epoxy-acrylate in GPEs
for ECDs [28, 29, 33]. Despite the recognized importance of cross-
linkers in ECD performance, systematic investigations compar-
ing the impact on inorganic versus hybrid ECDs are scarce
[12, 27, 35]. The favorable combination of ionic permeability,
thermal stability, and compatibility with both inorganic and
hybrid EC materials makes poly(propylene glycol) diacrylate
(PPGDA) a promising crosslinker [36, 37]. The flexible propylene
glycol backbone provides enhanced ionic mobility, while the ter-
minal acrylate groups enable controlled crosslinking density
through photopolymerization [38, 39]. PPGDA forms networks
(at an average molecular weight of 750 g-mol™") that offer a trade-
off between flexibility and crosslinking density [36, 37].

In this context, the clear allocation of what GPE component
affects which property of hybrid or inorganic ECD, is paramount:
The liquid electrolyte incorporated by the GPE affects the com-
patibility with the EC electrodes and the ionic transport in the
electrolyte layer of the ECD. This can result in a decreased devel-
opment of charge and transmittance and elongated response
times [40]. The choice of polymer matrix of the GPE, here a com-
mercial copolymer of polymethylmethacrylate and polyethylme-
thacrylate (PB 72), impacts the transparency and the adhesion,
which can affect the long-term durability of the ECD [40]. In
glass-based ECDs, bubbles can form during assembly and cycling
of ECDs [1, 2, 41]. These bubbles can cause nonuniform colora-
tion, reduced optical quality, and potential device failure [36, 42].
Different types of crosslinking systems can modify the structure
of the GPE and thus, influence the optical behavior of the ECD
and the long-term stabilities [28, 43].

Furthermore, the relationship between PPGDA crosslinking den-
sity and key performance metrics such as response time and
cycling stability requires detailed elucidation to guide GPE com-
position design [44-46]. This study addresses this by systemati-
cally investigating the influence of PPGDA crosslinker on the EC
performance of both inorganic devices (WO3/NiOy) and hybrid
systems (Fe(II)-MCP/PB). Through detailed electrochemical
and optical characterization, we aim to reveal structure-property

relationships that enhance switching kinetics and long-term
stability of ECDs. The comparative analysis between inorganic
and hybrid architectures will provide fundamental insights into
crosslinker-material interactions and their implications for
next-generation smart glass applications.

Ultimately, the findings suggest PPGDA as crosslinker for ECDs
whether of hybrid or inorganic electrode configuration, therefore
promoting the growth of energy-efficient smart glass or film tech-
nologies in commercial and residential buildings. By optimizing
crosslinker for GPEs in glass-based ECDs, this research aspires
to meet the demanding performance requirements for smart
glass, while ensuring energy-efficient and high-quality devices
for large-scale implementation.

2 | Experimental Section
2.1 | Materials and Substrates

The GPE was prepared using LiClO, (battery grade, dry 99.99%
trace metals basis, Merck, Darmstadt, Germany), PC (anhydrous
>99%, Merck), DEC (anhydrous >99.7%, Merck), PPGDA average
molecular weight of polymer (M, =800 g-mol™, Sigma-Aldrich,
St. Louis, MO, USA), 2,2’-dimethoxy-1,2-diphenylethan-1-one
(Irgacure 651 (IRG651), BASF, Ludwigshafen, Germany), and
PB 72 (Kremer Pigmente, Aichstetten, Germany). The substrate
for the EC electrodes was produced from FTO glass (TEC 15,
sheet resistance: ~15Q-sq™') from Pilkington (Lathom, UK).
All electrolyte components were stored in an inert environment
and used without further purification.

2.2 | Preparation of the Electrolytes

The liquid electrolyte was prepared by dissolving LiClO, in
50:50 wt% PC:DEC to produce a 1 M transparent colorless solu-
tion. The GPE reference was prepared by adding 32.8 wt% PB 72
to the liquid electrolyte and stirring at 25°C for 2 days until a
colorless transparent gel was obtained. The polymer:liquid mass
ratio was 2:1. The GPE with PPGDA was prepared by adding
5wt% (relative to the mass of the GPE reference) of PPGDA as
a crosslinker; this mixture was stirred for 1 day before adding
4wt% (relative to the real mass of the crosslinker) of the photoini-
tiator IRG651 yielding a transparent homogeneous gel. Hereafter,
“liquid” and “GPE reference” refer to the liquid electrolyte contain-
ing LiClO, in 50:50 wt% PC:DEC, while the latter refers to the same
material but within the PB 72 polymer matrix. “GPE with PPGDA”
refers to the electrolyte formulation of the GPE reference plus the
PPGDA crosslinker and IRG651 initiator.

2.3 | Characterization of the Electrolytes
2.3.1 | Transmittance

The electrolyte layer was prepared between two microscope slides.
The area to be coated with electrolyte was limited using a 50 pm
tape. When preparing the GPE with PPGDA, the sample was cured
using a UV lamp (365nm, Dr. Héhnle AG, UV Technologie,
Starnberg, Germany) at a distance of 4 cm for 90 s. The transmit-
tance spectra and color coordinates were recorded using an
AvaSpec-2048 standard fiber-optic spectrometer (Avantes,
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Apeldoorn, Netherlands) equipped with a balanced deuterium-
halogen light source in an inert atmosphere; they are reported
following the standards described by the International
Commission on Illumination (Vienna, Austria) Lab color space
(L* =lightness, a* = green-red, b* = blue-yellow) at 10° and D65
norm. The visible light transmittance (z,) is calculated accord-
ing to DIN EN 410 (Equation S1) [47].

2.3.2 | Ionic Conductivity

The ionic conductivity of the GPEs at different temperatures
was determined via electrochemical impedance spectroscopy
(EIS) in the noncured state. A symmetrical cell setup (ECC-
Std or ECC-REF EL, EL-CELL, Hamburg, Germany) with a
glass fiber separator (circle with a diameter of 18 mm, Whatman
GF/C, Sigma-Aldrich) was used. The separator was soaked in
the electrolyte for 2 h, and the cell was connected to a potentiostat
(VMP-300, BioLogic, Seyssinet-Pariset, France) and placed in a cli-
matic chamber (Weiss Klimatechnik, Reiskirchen, Germany). The
cell was subjected to the following temperature protocol (all values
in °C): 25, 30, 40, 45, 50, 60, 80, 60, 50, 45, 40, 30, 25, 10, 0, —20, 0, 10,
and 25. At each temperature, an open-circuit potential (OCV) step
was performed for 30 min to maintain a constant temperature. EIS
was conducted in the frequency range from 7 MHz to 100 mHz
with an amplitude of 10 mV. The measurement was repeated after
another OCV step for 30 min. The first and second measurements
showed consistent results at all temperatures, with no significant
differences observed. The ionic conductivities were calculated
according to Equation S2. The data shown corresponds to the
means and standard deviations of at least two cells. The ionic con-
ductivities were calculated and fitted using the Vogel-Tammann-
Fulcher equation, according to Equation S3 [48].

2.3.3 | Viscosity

Rheological measurements were performed using a Physica MCR
501 (Anton Paar, Graz, Austria) in viscoelastic mode at 20°C with
increasing and decreasing shear rates between 0.1 and 100s™.
When analyzing the 1M liquid electrolyte and the GPEs, the
plate and cone counterparts were CP15 and PP25 SN23042,
respectively. The GPEs were measured in their noncured states.
The viscosity # is defined as the ratio of the shear-stress r and
shear deformation y [49], and the viscosities presented in this
study reflect the mean of the fluctuating shear rate of 50s.
The adhesion of the GPE reference and GPE with PPGDA is com-
pared by the magnitude of the normal force. The zero-force
baseline was calibrated at a gap distance of 1.0 mm, ensuring
no mechanical contact or measurable interaction between the
plates. The sample was compressed to a gap distance of
0.25mm and the normal force was recorded while the upper
plate was lifted at a controlled rate, generating a force-distance
profile. This procedure enabled precise determination of the nor-
mal force as a function of the decreasing adhesive interaction
with increasing gap distance (Figure S1).

2.3.4 | Preparation of the EC Electrodes and ECDs

The ligand 1,4-bis(2,2:6’, 2”-terpyridine-4’-yl)benzene (tpy-
ph-tpy =L1) and the metallopolymer Fe(II)-MCP were synthe-
sized according to previously reported procedures. [50, 51]. The
Fe(II)-MCP electrodes were prepared via dip coating with a with-
drawal speed of 65 mm-min" (charge density: ~4.5 mC-cm ™) and

annealed at 60°C for 24 h. PB thin films with nominal charge den-
sities of around 8.0 mC-cm ™ were electrochemically deposited on
FTO glass as described by Schott et al. [22]. The deposition of the
WOs; and NiOy thin film electrodes was conducted as described by
Cheng et al. [52], and the electrodes were prepared and provided
by Miru Smart Technologies (Vancouver, Canada). Both types of
ECDs were contacted on one side with Cu tape.

The Fe(II)-MCP/PB ECDs (size: 5.0 cm x 5.0 cm, active area:
3.5cm x 4.0 cm) were assembled by coating the GPEs onto the
Fe(IT)-MCP electrodes. A 50 pm spacer tape was used to define
the thickness and active area of the electrolyte. The PB electrode
was placed on top of the electrolyte after 10 min and the ECD was
cured for 90 s at a distance of 4 cm to the UV lamp (365 nm, Dr.
Honle AG, UV Technologie, Starnberg, Germany). The WO;/NiOy
ECDs (size: 7.5cm X 7.5 cm, active area: 6.5cm X 5.0cm) were
assembled using the same procedure, except that the GPE was
coated on the NiOy electrode, and the WO; electrode was placed
on top.

2.3.5 | Characterization of the ECDs

Electrochemical and in-operando spectroelectrochemical meas-
urements of the ECDs were carried out using an Avantes
AvaSpec-2048 standard fiber-optic spectrometer with the bal-
anced deuterium-halogen light source and a Multistat 1470E
multichannel potentiostat/galvanostat (Solartron Analytical,
Farnborough, UK). The UV-vis spectra were recorded during
the potentiostatic switching of the ECDs at room temperature,
with the voltage applied for 60s. The operating voltages for
bleaching and coloring were chosen to optimize optical perfor-
mance The voltages required to switch between the bleached
and colored states of the Fe(I[)-MCP/PB cells were 0.0 and
2.0V, respectively, while the voltages required to switch
between the colored and bleached states of the WO5/NiO, cells
were obtained at —1.7 and 1.0V, respectively. The cycling stability,
charge density, and response time were measured by these spec-
troelectrochemical experiments. The visible light transmittance
(zy) was calculated according to Equation S1, the charge density
was calculated by dividing the measured charge by the active area,
and the to refers to the time required to reach 90% of the maxi-
mum change in transmittance at each cycle.

3 | Results and Discussion
3.1 | Electrolyte Characterization

The transparency, ionic conductivity, and mechanical stability
are key properties of electrolytes for investigating the effect of
GPE composition on ECD performance. The clear allocation of
how each component of the GPE takes effect is presented by
the comparison of liquid electrolyte, GPE reference, and GPE.
In particular, the effect of the polymer PB 72 in the GPE reference
in comparison to the liquid electrolyte and the PPGDA crosslinker
in comparison to the reference GPE shows the optimization of the
GPE formulation.

The high transparency values (z,) of the liquid electrolyte (92%),
GPE reference (92%), and GPE with PPGDA (93%), ensure high
clarity in ECD, which is essential for their effective use in smart
windows (Figure 1A) [26]. The transparency depends on their
composition and thickness [53]. Adding the polymer matrix
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FIGURE1 | Characterization of the liquid electrolyte, GPE reference, and GPE with PPGDA. (A) Transmittance spectra and photographs between
two microscope slides (thicknesses of the electrolyte layer: 50 pm). (B) Temperature-dependent ionic conductivities. (C) Viscosity measurements.

PB 72 to the liquid electrolyte for the GPE reference and the
PPGDA for the GPE maintains transparency at a layer thickness
of 50 pm. As a result, GPE reference and GPE with PPGDA show
suitable transparencies for ECDs.

The temperature-dependent ionic conductivity of the electrolytes
was measured from -20 to 80°C (Figure 1B). At the ECD cycling
temperature of 25°C, the liquid electrolyte exhibits an ionic con-
ductivity of 3.3 x 10S-cm™, the GPE reference 5.1 x 10°* S-cm™,
and the GPE with PPGDA 4.8 x 107*S-cm™". The lower ionic con-
ductivities of the GPEs compared to the liquid electrolyte can be
attributed to reduced charge mobilities due to the addition of the
polymer matrix PB 72. Notably, the ionic conductivity of the GPE
reference was similar to that of the GPE with PPGDA, suggesting
that the PPGDA crosslinker does not significantly affect the ionic
conductivity. The ionic conductivity of the liquid electrolyte is pri-
marily determined by salt concentration, which generally peaks at
1M [54]. LiClOy, is chosen for its high Li mobility and its compati-
bility with the Fe(I[)-MCP electrode, as the perchlorate anion is
inserted into it. The binary solvent (50:50 wt% PC:DEC) balances
the low viscosity of the linear ester (DEC) with the high dielectric
constant of the cyclic ester (PC) [55].

The mechanical stability of the electrolytes is assessed by their
viscosities. Viscosities of the electrolytes were measured in their
noncured states (Figure 1C). Increasing solid polymer content
results in higher viscosities; the viscosities of the samples in ascend-
ing order were as follows liquid electrolyte (1.5 mPa-s) < GPE ref-
erence (5.8 Pa-s) < GPE with PPGDA (8.7 Pa-s). The GPE with
PPGDA exhibited the highest viscosity due to the distribution of

the acrylic monomer throughout the electrolyte [56, 57]. The mag-
nitude of the normal force of the GPE reference at —33.2 N is lower
than the one of the GPE with PPGDA at —36.2 N. The tackiness is
therefore higher for the GPE with PPGDA and leads to a better
adhesion between the EC electrodes of the cell (Figure 1).

While the addition of the polymer matrix enhances the mechanical
stability of the electrolyte layer, it also increases viscosity, which
can lower the charge mobility. This mechanical stability is crucial
for maintaining long-term contact between the electrodes and
facilitating ion transport. The shear viscosity analysis indicates that
viscosity can be adjusted for processability through the polymer
matrix PB 72 and crosslinker PPGDA [58]. Furthermore, the expo-
sure to light initiates the in situ polymerization of the crosslinking
system, resulting in increased viscosity and adhesion [59].

As the liquid electrolyte demonstrates high transparency and
ionic conductivity, the analysis reveals that both GPEs (reference
and with PPGDA) exhibit higher mechanical stability, which is
important for the application in ECDs. The higher mechanical
stability may decrease ionic conductivity. Thus, it is necessary
to compare GPE reference and GPE with PPGDAs in ECDs to
understand their effect on the overall device performance.

3.2 | Investigation of the Crosslinker PPGDA
Impact on Fe(II)-MCP/PB and WO;/NiO, ECDs

The GPE reference and GPE with PPGDA were evaluated in two
different ECD configurations: a hybrid (Fe(II)-MCP/PB) and an
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inorganic ECD (WO5/NiO,). The impact of the PPGDA cross-
linker on the key parameters such as transmittance, tq, and
cycling stability is examined to determine how PPGDA impacts
this electrolyte formulation [6, 26, 60].

3.3 | Hybrid ECD System: Fe(I1I)-MCP/PB

The detailed electrochemical characterization and preparation of
the Fe(II)-MCP and PB electrodes were previously described
by Schott et al. [22]. The anode (PB on FTO glass) exhibits a
higher charge density (8.0 mC-cm™) than that of the cathode
Fe(II)-MCP on FTO glass 4.5mC-cm™> The over-dimensioned
PB layer provides enough charge and improves the cycling sta-
bility without affecting the toy. Furthermore, their overall charge
is limited by the electrode with the lower charge density [23]. The
Fe(II)-MCP/PB ECDs were cycled between their bleached
(2.0 V) and colored (0.0 V) states for 60s at room temperature.
The performance of the ECD was evaluated in terms of transmit-
tance, cycling stability, and to, [48, 61, 62]. The contrast ratio
(CR) and coloration efficiency (CE) were determined using
Equations S4 and S5.

The comparison of the transmittance spectra of the Fe(I)-MCP/PB
ECDs with the GPE reference and the GPE with PPGDA
(Figure 2A,B) shows a general increase of the 7, values during
cycling for bleached (GPE reference: 44% to 61%, GPE with
PPGDA: 43% to 61%) and colored (GPE reference: 8% to 11%,
GPE with PPGDA: 10% to 16%) state. The photographs of the
ECDs shown in Figure 2C,D depict the full-area color changes
and highly transparent and uniform GPEs. Furthermore, no

A 100 GPE reference, before — after
bleached state at 2.0 V, ty =44% — 61%

< 80 | colored state at 0.0 V, ty = 8% — 11% i

(-

3

2 60r 4

o

E 40t

c

o

= 20}

O 1 1 1 Il 1
400 500 600 700 800 900 1000
Wavelength A [nm]
¢ GPE reference,

before — after
A 1 cm s 1 cmM
| | | |

k

= Fraunhofer
1sc

|

| g e
sammmmm 1 cm

-

2
3

-\

|

bubble formation was observed in the GPEs before or after
cycling. The L*a*b* color coordinates are summarized in
Table S1. The L*a*b* values of the ECD with the reference
GPE in the bleached and colored state increase from 72.5 to
82.3 and from 36.4 to 41.7, respectively. The ECD with the
PPGDA-modified electrolyte shows a similar behavior with
L*a*b* increasing from 72.1 to 82.5 in the bleached state and
the colored state changing from 39.5 to 49.1.

Both ECDs exhibit an overall stable charge density (Figure 3A)
over 1000 switching cycles, with the ECD with GPE reference
having slightly higher values (4.8 to 4.9 mC-cm™>) compared to
GPE with PPGDA (3.9 to 42mC-cm™). Notably, the higher
charge densities of the ECDs slightly increase during cycling.
In contrast, the optical characterization is showing a significant
increase in 7, (Figure 3B) during cycling. The initial transmit-
tance modulation between the colored and bleached state of
the ECDs with both electrolyte formulations is quite similar
and increases during cycling: From Az, =22% (16/38%) in the
5™ cycle to 33% (22-55%) in the 1000™ cycle for the GPE reference
and from Az, =19% (20/39%) to 32% (24/56%) for the GPE with
PPGDA. Thus, the Fe(I)-MCP/PB ECDs with both GPEs ensure
a good cyclability over 1000 cycles.

The Fe(II)-MCP/PB ECD with the GPE reference exhibits tgq
values of 10/7s for bleaching/coloring in the 5™ cycle, which
increase to 43/13s after 1000 cycles (Table 1). In comparison,
the ECD containing the GPE with PPGDA demonstrates initial
too values of 9/8 s in the 5™ cycle and a significant drop in the
bleaching tg, to 43s by the 1000™ cycle, while the coloring
response elongates to 16s. Although both GPEs show
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FIGURE2 | Transmittance spectra before (dashed lines) and after (solid lines) 1000 cycles for (A) GPE reference and (B) GPE with PPGDA in Fe(II)-
MCP/PB ECDs (active area: 4.5 cm X 3.0 cm). Photographs of the ECDs with (C) GPE reference and (D) GPE with PPGDA before (left column) and after

1000 cycles (right column).
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FIGURE 3 | Fe(I)-MCP/PB ECDs with GPE reference (black) and GPE with PPGDA (blue) in the colored and bleached states at 0.0 and 2.0 V,
respectively (voltage applied for 60's). (A) Charge densities over 1000 switching cycles including charge/discharge densities in the 5™ and 1000 cycle.

(B) 7y values (colored/bleached) over 1000 cycles including transmittance values of the colored and bleached states in the 5™ and 1000™ cycle.

TABLE1 | Characteristic EC properties of the Fe(II)-MCP/PB ECDs (4.0 cm X 3.5 cm) at cell voltages of 0.0/2.0 V (colored/bleached) and the WO,/
NiO4 ECDs (6.5 cm X 5.0 cm) at cell voltages of —1.7/1.0 V (colored/bleached). The A, values of the Fe(II)-MCP/PB and WO3/NiOy ECDs are 586 and

800 nm, respectively.

Fe(II)-MCP/PB? 4.0cm x 3.5cm

WO3/NiOy 6.5cm X 5.0 cm

Electrolyte (GPE) reference with PPGDA reference with PPGDA
Cell voltage (V) 0.0 2.0 0.0 2.0 -1.7 1.0 -1.7 1.0
colored bleached colored bleached colored bleached colored bleached
Transmittance at Amay (57/1000™ cycle) (%) 0.2/1 38/51 1/2 47/60 26/23 92/59 37/48 100/84
Contrast ratio (5™/1000™ cycle)* 162.4/63.6 42.2/59.4 3.7/2.9 2.7/1.8
Charge density (5%/1000" cycle) (mC-cm™2) 4.8/4.9 3.9/4.2 8.9/4.9 6.6/3.0
Coloration efficiency (5"/1000™ 459/365 382/452 63/95 66/82
cycle) (cm*C™)
Response time tgg (5™/1000™ cycle) (s) 7/13 10/43 9/16 8/43 47/39 44/38 54/52 33/24

*The contrast ratio was calculated with exact values.

comparable performance in initial cycles, the incorporation of
PPGDA results in enhanced bleaching speed due to the cross-
linked structure of GPE with PPGDA, which probably facilitates
faster ion migration during EC switching. This leads to quicker
coloration and bleaching. However, both GPEs exhibit increased
too values after 1000 cycles, indicating that while PPGDA enhan-
ces performance, the long-term cycling effects impact tqo for both
formulations (Figure S2A,B, and S3A,B). Overall, the presence of
PPGDA contributes positively to the tgo, underscoring its signifi-
cance in optimizing GPE compositions for ECDs.

Combining the findings of charge density and z, presents the
GPE with PPGDA needing less charge density while exhibiting
higher transparency values in contrast to the GPE reference. The
more detailed analysis of current and charge density for bleached
and colored state adds to that, as the GPE with PPGDA is show-
ing a lower charge density (Figures S4 and S5). Although, the
GPE with PPGDA has the higher mechanical stability, the charge
transport seems to be stabilized by the crosslinked network.
A possible explanation would be that PPGDA establishes an
environment with improved local concentration, migration,

and convection gradients [63]. These confined spaces within
the macromolecular network can facilitate accelerated charge
transport through the GPE [64].

The redox processes responsible for the color changes in the
ECD occur at the electrodes. While in their bleached state of
the Fe(II)-MCP/PB ECDs, the perchlorate anions are inserted into
the cathodic Fe(II)-MCP layer and the Li* cations are inserted into
the PB electrode [65]. The insertion of these ions results in a
smaller highest occupied molecular orbital-lowest unoccupied
molecular orbital (HOMO-LUMO) gap, thus resulting in a brighter
appearance. The transmittance spectra of both Fe(Il)-MCP/PB
ECDs in the bleached and colored states exhibit increased 7, values
after cycling. This increase prominent between 650-900 nm sug-
gests that the number of electron transitions in PB (i.e., the char-
acteristic peak of PB is observed at 700 nm) is increasing. Figures S4
and S5 show the changes in the current and charge densities over
1000 cycles. Notably, after the 5 cycle, the observed charge density
plateau during bleaching at 2.0 V, which describes the decreasing
efficiency of the cell to change color, for the GPE with PPGDA is
less pronounced than for the GPE reference. Unlike coloring,
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FIGURE4 | Transmittance spectra before (dashed lines) and after (solid lines) 1000 cycles for (A) GPE reference and (B) GPE with PPGDA in WO,/
NiOx ECDs (active area: 6.5 cm X 5.0 cm). Photographs of the ECDs with (C) GPE reference and (D) GPE with PPGDA before (left column) and after 1000

cycles (right column).

bleaching shows a plateau in the charge density, after which the
bleaching process occurs abruptly; this threshold varies with con-
tinuous cycles.

3.4 | Inorganic ECD System: WO3/NiOy

The WO;/NiO; ECDs were cycled between their bleached
(1.0 V) and colored (-1.7 V) states, with the potentials applied
for 60 s at room temperature under inert conditions. The detailed
electrochemical characterization of the WO; and NiO, electrodes
has been previously described by Cheng et al. [52].

Both ECDs demonstrate a reasonable cycling stability over 1000
switching cycles. However, an overall decrease of the 7, values
in both ECDs is observed, when comparing the transmittance
spectra before and after cycling (Figure 4A,B). Although the initial
transmittance values, in particular in the colored state, are differ-
ent for both ECDs (GPE reference: 20/63%, GPE with PPGDA:
31/66%), the overall transmittance change (Az,=26%) after
cycling is identical (Figure 4B). This indicates that the GPE with
PPGDA does not change the optical behavior of the ECDs. The
L*a*b* color coordinates of the WO;/NiO, ECDs are summarized
in Table S1. The photographs of the ECDs show that no bubbles
are visible before and after 1000 cycles, highlighting the stability of
the GPE with PPGDA (Figure 4C,D).

The charge density of the ECDs containing GPE with PPGDA
decreases from 6.6 to 3.0 mC-cm ™2, while the charge density of
the GPE reference drops from 8.9 to 4.9 mC-cm™ (Figure 5A).
The ECDs with the GPE with PPGDA has lower charge density

than the ECD with the GPE reference over 1000 cycles. However,
the trend is similar for both GPEs and corresponds with the
change of the transmittance values.

The comparison of the optical properties during cycling demon-
strates a smaller decrease in the bleached state transmittance
from 65% (5™ cycle) to 58% (1000'" cycle) for the GPE with
PPGDA, which indicates only a 7% darkening, while the GPE
reference has a 10% darkening with values of 62% and 52%
(Figure 5B), respectively. The behavior after 1000 cycles for
the colored state is quite similar, although it increases for
the GPE with PPGDA from 27% to 35% and from 20% to 28%
for the GPE reference.

The time-dependent charge and current densities of the WO;/NiOy
ECDs during bleaching and coloring (Figures S8 and S9) reveal that
the charge densities in subsequent cycles increase more signif-
icantly with the GPE reference compared to those observed
with the GPE containing PPGDA. The charge density and 7,
behavior over 1000 cycles found in Figure 5 collectively support
that the additional PPGDA alters the charge transport for the
WO5/NiO, ECDs.

The WO3/NiO, ECDs with the GPE reference exhibit to, values of
44 for bleaching and 47 s for coloring in the 5™ cycle, which
decrease to 38s for bleaching and 39s for coloring at the
1000 cycle (Table 1). In contrast, the ECDs with the GPE con-
taining PPGDA displayed improved initial tgy values of 33 s for
bleaching and 54 s for coloring, decreasing to 24 s for bleaching
and 52s for coloring after 1000 cycles. This data indicates that
while both GPEs show a decrease in bleaching times after
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FIGURES5 | GPE reference (black) and GPE with PPGDA (blue) in the WO3/NiO, ECDs with their respective coloration and discoloration potentials
at-1.7 and 1.0 V applied for 60s. (A) Charge densities over 1000 switching cycles including charge/discharge densities in the 5™ and 1000™ cycle. (B) 7,

values (colored/bleached) over 1000 cycles including transmittance values of the colored and bleached states in the 5™ and 1000™ cycle.

cycling. The GPE with PPGDA consistently enhances EC perfor-
mance by facilitating faster transitions between the bleached and
colored states (Figures S6A,B, and S7A,B). Thus, the incorpo-
ration of PPGDA not only improves to at 5 cycle for bleaching
but also contributes to maintaining better performance over
cycling compared to the GPE reference.

The 7, values of the ECDs in the bleached and colored states are
strongly associated with their charge densities and exhibit simi-
lar trends over 1000 cycles. Charge transfers induce optical
changes in the ECDs. Cycling stability of the ECDs is influenced
by their electrochemical stability, which is dependent on the
charge densities and surface structures of the electrodes [52].
In the bleached state, the WO; electrode is reduced from W°*"
to W>*, whereas the NiOj electrode is oxidized due to the intro-
duction of Li*. In the colored state, Li* is introduced to the WO,
electrode, reducing W°* to W>*, while the Ni** within the NiO,
electrode is oxidized to Ni** and Ni**. The bleaching and color-
ing involve alternating Li* insertion and extraction from the
WO; and NiOy layers [21, 52, 66]. Despite the different charge
densities of the ECDs, the transmittance gap between bleached
and colored is quite similar for the two shown WO3/NiO, ECDs.

3.5 | Similarities and Differences of the GPE with
PPGDA in the Fe(II)-MCP/PB and WO;/NiO, ECDs

While the response times, optical stability, and charge densities
of both WO53/NiO, and Fe-MCP/PB ECDs benefit from the inclu-
sion of PPGDA in the GPE, the effects on CE and CR by the
PPGDA crosslinker are dependent on each kind of ECD.
Nevertheless, the differences of CE and CR inside each ECD sys-
tem highlight the optimization potential of the specific EC mate-
rials in conjunction with the GPE (Table 1).

The ratio of bleached over colored transmittance at maximal absor-
bance is the CR (Equation S4) and aligns to the changes in trans-
mittance during cycling. For the Fe(II)-MCP/PB ECDs, the CR
decreases during cycling and lower for the GPE with PPGDA,
although it is higher at the 5™ cycle. For the WO,/NiO, the
CR is much lower than for the Fe(II)-MCP/PB ECDs and
slightly decreases after cycling (3.7 to 2.9 for the GPE reference
and 2.7 to 1.8 for the GPE with PPGDA). As the CR is mainly
dependent on the used EC materials, the GPE affects this

parameter by changing the electrochemical state of the layers
after cycling.

The CE is the ratio of CR over the inserted/extracted charge
(Equation S5) and is a standard method to characterize the opti-
cal change induced by the applied potential [48, 67]. Higher CEs
indicate improved performance, requiring less energy for sig-
nificant color changes [20]. For the Fe(II)-MCP/PB ECDs,
the difference in CE from 459 to 365 cm*C™' with GPE refer-
ence is higher than from 382 to 452 cm®C™ with PPGDA. In
comparison, the WO;/NiO, ECD with the GPE reference exhibits
a CE increase from 63 to 95cm®C ™" and the GPE with PPGDA
from 66 to 82cm>C™'. The relationship between the type of
GPE and CE in the WOs/NiOy cell increases after 1000 cycles.
Although the CE is an inevitable parameter when discussing
the performance of ECDs, the observed difference of CEs between
the GPEs seems to be mainly affected by the different charge trans-
port of the GPEs.

It is essential to differ between the effects of the GPE and the effect
of the different EC materials, when the impact of the GPE with
PPGDA on these two different ECD types is summarized. The
two different GPEs have high transparencies (Figure 1A) while
exhibiting relatively similar ionic conductivities (Figure 1B).
Furthermore, the GPE with PPGDA shows increased mechanical
stability in contrast to the GPE reference (Figure 1C). Although
the higher mechanical stability should impede the charge trans-
port, the GPE with PPGDA exhibited in both ECD types favorable
cycling stability and response times.

Charge densities decrease during cycling, while for both,
Fe(II)-MCP/PB and WO3/NiO,, the ECDs containing the GPE
with PPGDA showed lower charge densities overall in compari-
son with the GPE reference. For the optical performance, the
hybrid EC system increased its transparency, shown by higher
7, value, and the inorganic EC system decreased over 1000 cycles,
but they had in common that the GPE with PPGDA shows higher
transparency and more stable z,. The to, depicts the difference
between Fe(II)-MCP/PB and WO;/NiO, in coloration mecha-
nism quite clear, as it elongates for the Fe(II)-MCP/PB over
cycling and stays even or shortens for the WO3/NiO, ECDs.
This is even more significant, when pointing out the active area
of WO3/NiOy (6.5cm x 5.0cm) being larger than the one of
Fe(II)-MCP/PB (4.0 x 3.5 cm).
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The observed optical and electrochemical stability and the tqo dem-
onstrate that the structure, created by the PPGDA in the electro-
lyte, affects ion transport [36, 39, 42]. In particular, the WO5/NiOy
incorporating the GPE with PPGDA benefits by shorter response
times and lower charge densities at maintaining almost the same
optical characteristics as the cell with GPE reference. The compar-
ison of the charge and current densities during cycling (Figures S4
and S5 for Fe(II)-MCP/PB and Figures S8 and S9 for WO3/NiOy)
show that the (dis-)charging behavior during the presented 1000
cycles of GPE reference and GPE with PPGDA is independent on
the EC materials. Obviously, bleaching and coloring is triggered by
charging and discharging. So, the resulting to, values of the ECDs
reveal that the optimization of the ty9, depends on the correspon-
dence between GPE and the EC electrodes.

4 | Conclusion

In this study, the impact of the PPGDA crosslinker within a poly-
mer matrix for glass-based ECDs with regard to the cycling sta-
bility, charge density, and response time is investigated. The key
findings demonstrate that the crosslinker PPGDA within the PB
72 polymer matrix enhances the mechanical stability of the GPE
with minimal decreasing of ionic conductivity. The comparative
analysis of GPE reference and GPE with PPGDA across both
hybrid Fe(I)-MCP/PB and inorganic WO3/NiO, ECDs highlights
the advantages of the PPGDA crosslinker in influencing charge
density, transmittance modulation, and response time of ECDs
during cycling.

Notably, the GPE with and without PPGDA exhibited similar
optical properties and cycling stability over 1000 cycles alongside
lower charge densities. In terms of response times the behavior of
the ECDs containing the GPE reference and the GPE with
PPGDA correlates with the change in the optical and electro-
chemical properties. The PPGDA crosslinker has obviously no
negative effect on the long-term cycling stability of the ECDs
but slightly influences the coloring and bleaching times. These
findings imply that the behavior of various EC materials can vary
considerably depending on operating conditions and the specific
configuration of the ECD.

Future optimization efforts should concentrate on exploring the
macromolecular structures generated by crosslinkers within
diverse polymer matrices. Although modifying the liquid electro-
lyte could enhance ionic transport, this approach is not suitable
for Fe(I1)-MCP/PB ECDs due to their reliance on perchlorate
anions for coloration. In contrast, such modifications remain fea-
sible for WO3/NiO ECDs. Additionally, investigating alternative
crosslinkers for use in PMMA- or PEMA-based (PB 72) polymers
could uncover beneficial charge transport and stabilization prop-
erties. Addressing these areas will be interesting for developing
commercially viable ECDs that feature shorter response times
and enhanced durability.

While these findings underscore the influence of EC materials on
performance, it appears that these effects may be less pronounced
than initially hypothesized. Nonetheless, further investigation
into the role of crosslinkers in GPE composition is essential,
as gaining additional insights into the structure of cured GPEs
will be crucial for future optimization efforts. This work lays
the groundwork for enhancing the performance characteristics

of ECDs by appropriate crosslinker, ultimately contributing to
their practical applications in smart window technologies.
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Fig. S1: Normal force of GPE reference vs. GPE with PPGDA as a func-
tion of gap distance. Supporting Fig. S2: Transmittances of the Fe(II)-
MCP/PB ECD with the GPE reference at 586 nm at the A) 5™ and
B) 1000%™" cycles as functions of time and the C) transmittance at 586
nm over 1000 cycles; toy, = response time. Supporting Fig. S3:
Transmittances of the Fe(II)-MCP/PB ECD containing the GPE with
PPGDA at 586 nm at the A) 5 and B) 1000 cycles as functions of time
and the C) transmittance at 586 nm over 1000 cycles. Supporting Fig. S4:
Time-dependent current and charge densities as functions of cycle num-
ber for bleaching and coloring of the Fe(II)-MCP/PB ECD with the GPE
reference: Current densities of A) bleaching and B) coloring and charge
densities of C) bleaching and D) coloring. Supporting Fig. S5: Time-
dependent current and charge densities as functions of cycle number
for bleaching and coloring of the Fe(II)-MCP/PB ECD containing the
GPE with PPGDA: Current densities of A) bleaching and B) coloring
and charge densities of C) bleaching and D) coloring. Supporting
Fig. S6: Transmittances of the WO;/NiOy ECD with the GPE reference
at 800 nm at the A) 5™ and B) 1000 cycles as functions of time and the
C) transmittance at 800 nm over 1000 cycles. Supporting Fig. S7:
Transmittances of the WO;/NiOy ECD containing the GPE with
PPGDA at 800 nm at the A) 5™ and B) 1000™ cycles as functions of time
and the C) transmittance at 800 nm over 1000 cycles. Supporting Fig. S8:
Time-dependent current and charge densities as functions of cycle num-
ber for bleaching and coloring of the WO3/NiOy ECD with the GPE ref-
erence: Current densities of A) bleaching and B) coloring and charge
densities of C) bleaching and D) coloring. Supporting Fig. S9: Time-
dependent current and charge densities as functions of cycle number
for bleaching and coloring of the WO3/NiOy ECD containing the GPE
with PPGDA: Current densities of A) bleaching and B) coloring and charge
densities of C) bleaching and D) coloring. Supporting Table S1: CIE L*a*b*
color coordinates of the Fe(II)-MCP/PB ECDs (4.0 cm X 3.5 cm) at cell
voltages of 0.0/2.0 V (colored/bleached) and the WO3/NiO, ECDs
(6.5 cm x 5.0 cm) at cell voltages of -1.7/1.0 V (colored/bleached).
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