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Enhanced colour modulation in printed
electrochromic pixels via optimization of a
polymer gel electrolyte

Taehwan Kim,? Patrick A. Sullivan,? Jack Twiddy, @° Kaila Peterson,®
Lasanthi Sumathirathne, Kirstie M. K. Queener, ®°
Michael Daniele @ °° and Leila F. Deravi ®*2

With the growing demand for thinner and more flexible electrochromic devices (ECDs), proper electrolyte
selection is critical for the design and implementation of these systems. Compared to a traditional liquid
electrolyte, polymer gel electrolytes have received growing application in ECDs due to their efficient ion
transport, high stability, and, most importantly, zero risk of leakage during device integration. In this work,
we capitalize on these features in the design, fabrication, and testing of a flexible and multifunctional
polymer gel electrolyte using a polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) matrix
enriched with ionic liquids and plasticizers that interface with adjacent electrochromic pixels. This polymer
gel electrolyte remains stable at room temperature, enabling operation of ECD pixel elements over 2750
cycles and 2.5 days of continuous operation. Applications such as passive color filtering using the
electrolyte are also explored, highlighting its potential to improve operation and expand colour range

rsc.li/RSCApplinter

Introduction

Traditional electrochromic devices (ECDs) are assembled with
up to five layers, including two transparent conductive
electrodes, two electrochromic functional layers, and a central
electrolyte, all contained in a sealed package. Such features make
these devices technically challenging to customize, scale, control,
and integrate within a display as an array of pixels." While there
have been significant advancements in fabricating
electrochromic pixels for diverse use cases via patterning,>’
multi-material blending,"® colour filtering,® or inclusion of
nanomaterials,”® the form and function of the electrolytes used
in these applications are highly variable. Of the common
electrolyte forms (ie. liquid,”™" solid,”*™ or gel™®™), gel
electrolytes offer an excellent balance of flexibility, ionic
conductivity, and stability. Specifically, polymer gel-based
electrolytes (PGE) like polyethylene glycol (PEG),"®' polyvinyl
alcohol ~ (PVA),**>* and polyethylene oxide (PEO),>***
combined with a salt such as lithium perchlorate or lithium
hexafluorophosphate, have seen some success when
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without modification of the electrochromic film.

integrated within ECDs; however, limited mechanical and
storage stability are common challenges with PVA- or PEO-
based gels, primarily due to their high moisture
sensitivity.”>*® Because of this, the gels are also susceptible to
chemical changes over time, which can alter their ionic
conductivity, electrochemical performance, and mechanical
properties. This instability can lead to ionic salt leakage,
which compromises ECD performance and longevity. As such,
there is an ongoing effort to explore new combinations of
polymer matrices and additives that can enhance the
performance of these electrolytes to improve their durability
in a way that is generalizable to multiple ECD configurations.
Polyvinylidene  fluoride-co-hexafluoropropylene  (PVDF-
HFP)**° has emerged as a promising alternative to PEG,
PVA, and PEO within PGEs. Unlike PVA- or PEO-based
electrolytes, PVDF-HFP is more resistant to chemical
modification during the charge/discharge cycles typically
experienced by ECDs. In addition to its electrochemical
stability, PVDF-HFP is well known for its high tensile
strength and durability.’® PVDF-HFP has low moisture
sensitivity compared to PVA and PEO and is less susceptible
to the swelling or plasticization effects that may compromise
the performance of other gel-based electrolytes.”" However,
notable drawbacks of PVDF-HFP include its dependence on
organic solvents and higher melting temperatures during
processing, as well as its poor degradability, brittle
mechanical properties, and low ionic conductivity when cast
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as films.**** While the environmental footprint of PVDF-HFP
films remains a challenge, their mechanical and ion-
transport properties can be addressed by carefully optimizing
plasticizers and salt content.

Recognizing this potential, we developed a PGE based on
PVDF-HFP and systematically evaluated its performance
within printed electrochromic pixels. We examined the ionic
conductivity and process versatility of the PGE in
combination with selected additives and plasticizers, which
were integrated to enhance the electrolyte's functional
performance and practical applicability within ECD systems.
Pixels were fabricated using inkjet printing of cephalopod-
derived pigment xanthommatin (Xa) and conductive poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
inks, previously demonstrated to achieve red (reduced) and
yellow (oxidized) states when paired with liquid
electrolytes.>**> Building on foundational work by Dzulkipli
et al.,”® we optimized their PGE formulation, highlighting key
modifications  that significantly improved electrolyte
performance. Furthermore, we evaluated the effectiveness of
this optimized electrolyte in novel configurations of inkjet-
printed electrochromic pixels.

Experimental
Polymer gel electrolyte (PGE) and characterization

PGE fabrication. The principal component of the PGE was
a 02 g mL"' solution of poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP, Sigma-Aldrich, M, =
400 000) dissolved in acetone. The PVDF-HFP solution was
doped with various combinations and v/v ratios of propylene
carbonate (PC, Sigma Aldrich), 1-butyl-3-methylimidazolium
tetrafluoroborate (IL, Sigma-Aldrich), and hydroquinone (HQ,
Acros Organics).***® To optimize PGE performance, the
components of the LEL were varied according to the values
listed in Table 1, prior to combination with PVDF-HFP to
achieve final v/v ratios of 7:7, 7:5, and 7:3 PVDF-HFP: LEL
dopant. After mixing, the solutions were vortexed for 1 min
and sonicated to remove bubbles. The solutions were then
placed in a vacuum chamber for 10 min to degas the
mixtures equipped with a vacuum pump (MaximaDry, Fisher
Scientific), achieving a maximum pressure of approximately
15 psig prior to casting as film. Next, 3 mL of each combined
mixture was drop-cast onto a pre-cleaned glass slide, then

Table 1 LEL dopant combinations added to 0.2 g mL™* PVDF-HFP
solution. The italicized row (containing all three dopants) was used in the
variable ratio experiments (7:7, 7:5, and 7:3 PVDF-HFP:LEL dopant)
shown in Fig. 1

Sample name PC (g) IL (g) HQ (g)
PC 3.600 — —

PC + HQ 3.600 — 0.003
PC + IL 2.000 1.600 —

IL — 3.600 —

IL + HQ — 3.600 0.003
PC +IL + HQ 2.000 1.600 0.003
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evenly spread into a film using a doctor blade with a 1 mm
gap from the substrate. The PGE was sealed and stored at
room temperature in the dark to prevent exposure to air until
further use.

Mechanical testing of the PGE formulations

Young's modulus was calculated for various PGE
formulations using stress-strain curves obtained with a
custom-built uniaxial tensile tester. The system consisted of a
high-resolution linear actuator (M-230, Physik Instrumente)
and a stepper motor-controlled load cell (Model 31,
Honeywell). Force measurements were recorded and
controlled using the MTESTQuattro controller (ADMET). The
specimens were cut into rectangular shapes, 1 mm wide and
21 mm long. The thickness of each sample was measured
with precision calipers (Starrett), and tests were conducted at
a constant rate of 0.1 mm s™' until failure or until the
uniaxial tester reached its maximum strain. Mechanical
testing was carried out with three replicates (n = 3) for each
experimental condition, and standard deviations were

calculated to quantify variability.

Transmission spectra of the PGE formulations

Transmission characterization of the PGE formulations was
carried out with a spectrophotometer (Flame-S-vis-NIR, Ocean
Optics) in transmission mode between 400 and 800 nm. The
PGE was positioned between the two optical fibers, and
transmission spectra were recorded.

Electrochromic pixel fabrication and assembly

Ink formulation. 200 pL of xanthommatin (Xa)’***® (2 mg
mL™" in 0.05 M 2-(N-morpholino) ethane sulfonic acid
buffer) was combined with 1.6 mL PEDOT:PSS ink (PEDOT-
Jet 40, PEDOTinks). The resulting formulation was filtered
using a 1 um polytetrafluoroethylene syringe prior to
loading into the ink chamber of a Samba printhead
cartridge (Dimatix, Fujifilm).

Substrate preparation

ITO-coated PET sheets (Sigma Aldrich, surface resistivity = 60
Q sq ') were masked and etched using zinc powder as
described previously.®” Briefly, adhesive vinyl masks were
produced using a drag knife vinyl cutter (Maker 3, Cricut)
and placed upon ITO-coated PET sheets. An excess of zinc
powder (Fisher Scientific, mean particle size of 7.5 um) was
distributed onto the masked ITO substrate to completely
cover the area, which was then soaked in 3 M HCI for 10 s to
etch and remove the ITO from the unmasked region. After
the etching was complete, substrates were rinsed
immediately with DI water, and Kimwipes were used to
remove any remaining zinc. After the masks were removed,
the substrate was visually inspected for flaws, and any
remaining residue was similarly cleared. Prior to printing,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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etched ITO sheets were additionally cleaned using UV-ozone
(Model 30, Jelight) for 30 min.

Electrochromic pixel printing and device assembly

Electrochromic pixels were fabricated as two 1 by 1 cm
squares separated by a 0.1 cm gap, with each square
featuring 0.1 by 0.3 cm “tail” for interfacing with an external
power supply. The pixels were printed onto the surface of the
etched ITO substrate using a piezoelectric inkjet printer
(Diamtix Materials Printer DP-285, Fujifilm) at room
temperature. Printing was performed using a Samba print
cartridge, with each pixel composed of 10 printed layers.
Prior to all print cycles, we would manually inspect the
nozzles for consistent drop formation. From here, we
consistently employed between 1 and 5 nozzles (out of the 12
available nozzles) at a jetting frequency of 33 kHz and a
driving voltage of 39 V to fabricate the electrochromic pixels.
Following printing, the electrodes were annealed at 50 °C
overnight and then left at room temperature for 1 h prior to
testing. Prepared PGE sheets were cut into 2.1 by 1 cm
sections and manually aligned over the printed electrodes to
complete each pixel.

Device characterization

Electrochemical characterization. Pixels
characterized using a potentiostat (Interface 1000B, Gamry).
Electrochemical impedance spectroscopy (EIS) was conducted
from 10" Hz to 10™" Hz at an amplitude of 20 mV using test
cells made from two planar stainless-steel electrodes, which
together formed a symmetrical cell.

Optical contrast, switching, and stability. Reflectance
measurements were collected at 45° relative to the pixel
surface using a spectrophotometer (Flame-S-vis-NIR, Ocean
Optics). Spectra were collected every 10 s during application
of a forward or reverse bias potential. The change in optical
density (AOD) was measured using eqn (1) at 555 nm, similar
to previous reports.>*** Briefly, the % reflectance at 555 nm
obtained over 5 cycles was used to determine R,y and Rieq
corresponding to positive and negative polarity, respectively,
and AOD was then calculated.

were

AOD = 10g Rox/Ryed (1)

Colour efficiency (CE) was calculated using eqn (2).>® Here,
AOD was determined from eqn (1) and Q (the transferred
charge) was calculated from the integrated current collected
using chronoamperometry.

CE = AOD/Q (2)

Colour analysis

An iPhone 8 plus (12-megapixel resolution camera, 60 frames
per s) was used to collect videos of the pixels during
polarization. These videos were processed with VideoProc
Converter (Digiarty) to extract 1 frame per 2 s of video.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Images were then analysed with Image] using the RGB
Measure plugin.’** Measured reflectance spectra were
converted to the International Commission on Illumination
(CIE) xyY color space using a MATLAB script.* When
analysing differences in presented colours, AE was calculated
using eqn (3),*" where L*, a* and b* refer to the coordinates
in the CIELAB colour space. Here, the subscript notation 1
denotes the oxidized state, and 2 denotes the reduced state
of the pixel.

A= /(W5 -LA7 + (a5-aX) + (B5-BY7 ()

Statistical analysis

Statistically significant differences in electrochemical and
mechanical properties of the PGE samples prepared with varying
PVDF-HFP: LEL ratios (n = 3) was assessed using a two-tailed
t-test. A p-value threshold of 0.05 (p < 0.05) was used to

define statistical differences between conditions.
Calculations were performed in Microsoft Excel using
the T.TEST function (two-tailed, two-sample assuming

equal variances).

Results and discussion

We first investigated how individual components of our
previous liquid electrolyte (LEL) formulation (PC, HQ, and
IL)** influenced the performance of a PGE made from PVDF-
HFP. To understand this relationship, we systematically
evaluated each component (and combinations thereof) in the
polymer matrix according to Table 1 and characterized the
resulting electrochemical properties of the electrolyte. EIS
was used to collect impedance data for all electrolyte
permutations. These data were fit to a Randles equivalent
circuit containing a Warburg element (W) and constant phase
element (CPE), representing the electrolyte double layer
capacitance. The parameters Ry and R, were used to
represent the electrolyte resistance and charge-transfer
resistance, respectively. Since the circuit contains two R
elements, their average value was calculated and presented
(Fig. 1A).*> In general, each electrolyte additive contributed to
lower resistances relative to the control PVDF-HFP without
LEL, which presented an electrolyte resistance of 1.3 x 10° +
0.7 x 10> Q and a charge transfer resistance of 402.6 x 10° +
193.3 x 10° Q (Fig. S1 and Table S1). While PC improved the
initial brittleness of the PVDF-HFP matrix (Fig. S2), the
presence of all three additives (IL, PC, and HQ) contributed
to reduced electrolyte and charge transfer resistances relative
to the control (Table S1). This observation is in agreement
with past works, which presented select combinations of IL,
PC, and HQ in electrolytes to enhance ionic conductivity,*
facilitate ionic diffusion, and participate as a redox
mediator,*>*® respectively. Without each of these specific
additives, the electrolyte could not sufficiently support
the polarization changes required for colour change of our
electrochromic pixels (Fig. S3).

RSC Appl. Interfaces, 2025, 2,1591-1598 | 1593
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Fig. 1 Optimization of the PGE. (A) Schematic representation of the modified circuit model, in which the electrolyte resistance (R;) and charge-
transfer resistance (R.y) were extracted by fitting the experimental EIS data. (B) Experimental EIS data overlaid against simulated results from the
modified circuit for the PGE, fit from data collected in each condition (representative data shown for n = 1). (C) Changes in the v/v ratios of PVDF-
HFP to LEL affect the electrolyte and charge transfer resistance as measured by EIS. Statistically significant differences in R values (p < 0.01) are
indicated by asterisks. (D) Varying the v/v ratios influences the Young's modulus of the PGE. Statistically significant differences in Young's modulus

(p < 0.001) are indicated by asterisks. n = 3, mean + standard deviation.

Based on these data, we selected the LEL dopant
combination that provided the lowest resistance (including
PC, IL, and HQ), and combined it with PVDF-HFP at v/v
ratios of 7:7, 7:5, and 7:3 (PVDF-HFP: LEL) to make a PGE.
Higher LEL values reduced the electrolyte resistance of the
PGE from 15.4 + 4.8 Q (7:3) to 10.2 + 1.3 Q (7:5) and 5.7 +
0.6 Q (7:7) (Fig. 1B). This trend was also observed for
measured charge transfer resistances which decreased from
28.5 x10° + 1.2 x 10° Q (7:3) to 7.5 x 10° + 3.8 x 10° Q (7:5)
and 4.9 x 10° + 2.3 x 10> Q (7:7) (Fig. 1B and C). Beyond
these measured electrical changes, we observed significant
variations in the Young's modulus of the materials from 2.63
+0.22 N mm™> (7:3) to 0.12 + 0.02 N mm > (7:7) (Fig. 1D).
No significant variation was observed when compared to the
7:5 composition. These values were significantly smaller
than the control PVDF-HFP film (no LEL), which had a
Young's modulus of 160.8 + 10.2 N mm >, further supporting

1594 | RSC Appl. Interfaces, 2025, 2, 1591-1598

that the inclusion of the LEL is necessary to decrease the
stiffness of the original PVDF-HFP film. To understand how
the presence of the LEL impacted the optical clarity of the
electrolyte, we measured light transmission through the
films. The 7:3, 7:5, and 7:7 v/v PVDF-HFP:LEL dopant
samples transmitted 66.0 + 2.4, 82.5 + 1.6, and 79.9 + 2.8% of
incident light at 555 nm, respectively, compared to 28.4 +
11.4% PVDF-HFP only (Fig. S4). When taken together, the
addition of the LEL components appeared to increase the
overall free volume and polymer chain mobility within the
original, semi-crystalline PVDF-HFP matrix,"” leading to
decreased resistance with increased flexibility and
transparency. Across all the metrics tested, the 7:5 ratio
emerged as the condition with the best overall balance of low
resistance, high transparency, and improved mechanical
flexibility relative to the PVDF-HFP-only control (Table S1).
Thus, we selected this ratio for all subsequent experiments.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison of (A) chronoamperometry data for pixels using the 7:5 v/v ratio PGE under applied voltages of: (i) £0.75, (ii) £1.00, and (iii)
+1.25 V. (B) Reflectance spectra of the pixels with the measured electrode in its reduced (reverse-polarized) and oxidized (forward-polarized)
states, measured after 45 s of the following applied potentials: (i) £0.75, (ii) £1.00, and (iii) +1.25 V. Square insets depict the colours corresponding
to the obtained reflectance spectra. n = 3, mean * standard deviation (represented by black shading around the lines).

We next tested how different driving voltages affected
pixel performance. We observed an increase in current
(Fig. 2A) and colour saturation (Fig. 2B) at applied potentials
above +1 V. Colour efficiency (CE) increased from 45.5 + 8.2,
45.5 + 4.3, and 98.8 + 17.5 cm?/C for the +0.75, +1, and +1.25
V conditions, respectively (Table S2). Despite the higher
colour efficiencies observed at +1.25 V, we only observed the
yellow/red colours specific to the cephalopod pigment Xa at
potentials less than +1 V. At or above this threshold, the blue
colours associated with the PEDOT:PSS redox transition
dominated the observed pixel colour. As a result, we
maintained the applied potential of +0.75 V to maximize the
yellow/red colour space in our experiments.

Finally, we evaluated the long-term stability of the PGE by
continuously powering the pixels for 2750 cycles (~69 h)
while measuring pixel current and colour change (Fig. S5).
We observed a 31.0 + 0.3% reduction in peak current at 0.75
V and a 28.5 + 0.9% reduction in peak current at -0.75 V
calculated from the averages of the first five and final five
cycles, respectively. Despite this reduction in peak current, a
negligible increase in reflectance at 555 nm was observed for
both polarization directions (0.4 + 0.2% and 1.7 + 0.2% for
the oxidized and reduced states, respectively) over 2750 cycles
(Fig. S5). This observation suggests that changes in pixel
impedance during prolonged use did not adversely impact

© 2025 The Author(s). Published by the Royal Society of Chemistry

pixel functionality. Although the magnitude of the current is
directly related to the redox reactions responsible for colour
change (as it corresponds to the total charge transferred into
the cell), it is possible that pixels undergo a conditioning
process or maturation phase that facilitates more efficient
charge transfer with repeated cycling. Voltage also plays a
critical role, as sufficient overpotential is necessary to drive
these electrochromic reactions.

To explore applications of these pixels, we applied the PGE
across a 2 x 2-pixel array integrated with a custom printed circuit
board (Fig. 3A). Here, one pixel is represented by the adjacent
blocks, which function as both the display element and the
counter/reference electrodes. These pixels were controlled with
off-board electronics which applied +0.75 V to enable
synchronized colour changes across the display.
Our results demonstrated reproducible and visually uniform
colour switching across the pixel array (Fig. 3B).

Given the ease of fabrication and use of the PGE, we
explored how passive elements embedded within the matrix,
such as organic dyes, could impact pixel performance. To test
this, we selected indigo carmine and Congo red as dopants,
given their distinct blue and red hues, respectively, and
incorporated them at a 0.6 wt% within the PGE to produce
optical filters that were layered on top of our printed pixels
(Fig. 4A). The presence of the dye-doped electrolytes activated

RSC Appl. Interfaces, 2025, 2,1591-1598 | 1595
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the PGE on the printed circuit board before polarization. (B)
Chronoamperometric application of a £0.75 V DC potential (200 s per
cycle) demonstrated the capability for synchronized colour change.
Within the pixel array.

with +0.75 V across multiple pixels demonstrated notable
changes in the visible colours relative to the control
electrolyte containing no dye (Fig. 4B(i) and (ii) and C(i)). A
further comparison at a higher applied voltage +1.5 V is
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shown in Fig. 4B(iii) and (iv) and (C)(ii). These colour
variations were analysed using the CIE 1931 colour space,*®
highlighting distinguishable changes to the colour output of
the pixels with and without dye-doped electrolyte (Fig. S6).
These differences were further characterized by a
dimensionless parameter, AE, which expresses colour
difference as a single numerical value.*' For our pixels, we
calculated a AFE of 25.53, 12.58, and 10.64 at an applied voltage
of +0.75 V and 27.11, 30.21, and 35.2 at an applied voltage of
+1.5 V after forward and reverse polarization using the
transparent PGE, the indigo carmine-loaded PGE, and the
Congo red-loaded PGE, respectively. At higher voltages, the
colour transition became more vivid, and the overall intensity
increased significantly. However, at this elevated voltage, the
optical appearance was largely influenced by the dopant
PEDOT:PSS, which masked the contribution of Xa.
Because all AE values exceeded 10, all pixels could be
classified as clearly distinguishable.

Conclusions

In this study, we overcame the limitations of our
previous pixel design by developing a new integrated
system that replaces the LEL with a PGE. This
enhancement, along with the use of conductive ITO-
coated PET substrates and key additives like PC, IL, and
HQ, led to significant improvements in electrochemical
performance, speed, and scalability. The inclusion of PC
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Fig. 4 Using the PGE layer as a colour filter across multiple electrochromic pixels. (A)(i) Schematic illustration of multipixel array and (ii) optical
images of PGEs containing indigo carmine (blue) and Congo red (red). Scale bar = 1 cm. (B) Images of colour switching using the (i and iii)
transparent PGE and (ii and iv) dye-doped PGE, upon application of +0.75 and 1.5 V. Scale bar = 1 cm. (C)(i)) Comparison of colour states before
and after activation with and without organic dye-doped PGEs at applied voltage of +0.75 V, and (ii) colour states before and after activation with

and without organic dye-doped PGEs at applied voltage of £1.5 V.
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contributed to the flexibility of the electrolyte by
plasticizing the inherently rigid PVDF-HFP matrix, while
IL enhanced ionic conductivity, reducing electrolyte
resistance, and HQ reduced charge-transfer resistance
through its reversible redox reactions. Additionally,
optimizing the PVDF-HFP:LEL ratio resulted in notable
improvements (particularly in the 7:5 ratio) in both
electrolyte and charge transfer resistances, as well as in
mechanical and light transmission properties. Long-term
stability testing showed stable PGE performance over
2750 cycles, with stable pixel performance. Additionally,
we successfully demonstrated alternative applications of
the PGE as a passive colour filter to generate additional
colours in our pixels. Future work will focus on scaling
and miniaturizing the pixel array with appropriate
integrated electronics, while further enhancing the pixel
chemistry to enable more dynamic electrochromic display
systems.
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