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This study presents a grey-to-colourless hybrid electrochromic
device combining a novel red-to-colourless polymer with blue-
to-colourless Prussian blue. The device achieves a neutral tint in
both the dark and bleached states, with notable changes in visible
light transmittance and fast response.

Electrochromic materials (ECMs) and devices (ECDs) exhibit a
colour change upon the application of an electrical stimulus."
This colour change is caused by variations in the oxidation state
of ECMs, accompanied by the insertion or extraction of ions into
the ECM layer to balance the charge. ECMs can be classified as
inorganic®™ (e.g., metal oxides), organic®® (e.g, conjugated poly-
mers), or hybrid inorganic-organic®™' (e.g., metallo-polymers).
Among these, electrochromic conjugated polymers (ECPs) have
attracted considerable interest due to their high optical contrast
and colouration efficiency, fast response, and broad colour
range'>"” achievable through structural design. As a result,
ECP-based ECDs have found applications in diverse fields,
including smart windows,® colour-changing fabrics,” and adaptive
camouflage.'®" Interest in neutral-tint ECDs has increased due to
their potential application in light-dimmable systems, eyewear,
automobiles, and architecture, where black/grey-to-colourless tran-
sitions with minimal colour distortion are desirable.”>*" Although
donor-acceptor (DA) ECPs are commonly used to obtain these
transitions,”>* they suffer from residual colour in the bleached
state.*® Additionally, their complex synthesis, challenges with
large-scale production, and cost hinder practical application.

An alternative approach involves combining two or more
ECMs with complementary colours, achieving neutral hues
through subtractive colour mixing.”®>” The careful selection
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of complementary ECMs can optimise the final hue by broad-
ening the light absorption across the visible spectrum, resulting
in a perceived neutral colouration.">**° For instance, Sotzing
et al. demonstrated colour neutrality achieved by subtractive
colour mixing of either blue PEDOT*' or purple PProDOT
electropolymerised in situ in combination with a yellow organic
dye in the electrolyte.** To eliminate potential issues related to
the in situ polymerisation of complex ECMs, an alternative could
involve the controlled deposition of the complementary ECMs
onto separate electrodes. In this arrangement, the secondary
ECM can serve as both a hue regulator for the primary ECM and
a charge-balancing layer,*® simplifying ECD assembly. Comple-
mentary ECMs with opposing redox behaviours can create the
desired subtractive colour mixing effect, ensuring that the dis-
play alternates between coloured and colourless states when an
electrical potential or current is applied.

In this work, we present a hybrid grey-to-colourless switching
ECD that combines a novel organic ECP (Red1), which transitions
from red to colourless, with Prussian blue (PB), an inorganic
material known for its reversible blue-to-colourless transition
(Fig. 1). While Red1 bleaches upon oxidation, PB bleaches upon
the reduction of [Fe(m)CNg]>~ to [Fe()CNe]'.***> This pairing
leverages broadband absorption in the visible range (400-800 nm),
with complementary redox behaviour, making it highly effective
for neutral-tint ECDs while maintaining scalability and assembly
simplicity.

Achieving a fully red-to-colourless, fast-switching ECP is a
challenging task, as the high bandgap needed to produce a red
colour makes it difficult to shift the bipolaronic transition to
the NIR after oxidation.** Reynolds and coworkers tackled
this task by developing a 1:1 copolymer of an electron-rich
bulky acyclic dioxythiophene (3,4-di(2-ethylhexyloxy)thiophene;
DEHOT), with smaller monomers (3,4-di(methoxy)thiophene;
DMOT).*® The electron-donating oxygenated substituents on
the thiophene ring lower the oxidation potential and enable a
transmissive oxidised state by stabilising a closed-shell bipo-
laron structure.*
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Fig. 1
in eyewear. WE = working electrode (Redl1), CE = counter electrode (PB).

The branched alkyl groups enhance solubility and introduce
steric effects that reduce the conjugation length. Additionally, these
groups create an “open” morphology that facilitates ion transport
through the film.***” However, the 2-ethylhexyl chains alone would
introduce excessive steric repulsion in the ECP, resulting in an
orange colour and slow response. Smaller monomers are needed to
lower the band gap further and achieve a red hue. Additionally, side-
chain entanglement can reduce interchain spacing, impeding rapid
ion transport.

To address these issues and facilitate scalable synthesis for
industrial applications, we designed a dioxythiophene monomer,
3,4-di(2-methylbutyloxy)thiophene (DMBOT; 1), that can polymer-
ise into a red-coloured ECP (Red1; Fig. 1a) exhibiting a rapid red-
to-colourless transition. The branched 2-methylbutyl side chain
provides sufficient steric bulkiness to reduce conjugation length
for the red hue while maintaining a transparent oxidised state
and an open morphology to support efficient ion intercalation
and fast switching.

Monomer 1 was synthesised according to published procedures,""
before undergoing ferric chloride (FeCls) catalysed oxidative
polymerisation*” to produce Red1 (see ESIt). Initially, a Red1/
Red1 ECD with an active area of 1 cm?® was prepared to
characterise the ECP (Fig. 2). Spectroelectrochemical analysis
revealed the desired broad transmittance minimum centred at
500 nm (Fig. 2a), responsible for the red colour. Upon applying
different cell voltages (+£1.5 V), the absorbance of the ECD
shifted bathochromically into the NIR region, with a clear
isosbestic point observed at 610 nm (Fig. S6, ESIf). This
behaviour is characteristic of polythiophenes®®** and is attrib-
uted to the increased conjugation along the polymer backbone
due to the formation of bipolarons during oxidation. The visible
light transmittance (VLT, t,) of the dark (37%) and bleached
(61%) state corresponds to a total modulation (At,) of 24%. The
colour of the ECD was assessed using the CIELAB system, as
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Fig. 2 (a) Spectroelectrochemical characterization and (b) switching time

determination of the Red1/Red1 ECD at cell voltage + 1.5 V.
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(a) Structures of Red1 and PB; (b) schematic representation of the assembly of electrodes to provide a neutral-tint ECD and potential application

described in DIN 5033."" This ECD presented a significant
increase in the a* value from the bleached (a* = —2.2) to the
dark (a* = 27.9) state, indicative of its red colour. Switching
times for both bleaching and colouring processes were evalu-
ated using chronoamperometry while recording the voltage-
induced colour change in transmittance at 500 nm (Fig. 2b).
The switching time is defined as the time required to achieve
90% of the total transmittance change, in a given timeframe.
The determined values at + 1.5 V were 1.8 s for colouring and
3.8 s for bleaching, highlighting how Red1 can achieve a high
optical contrast with fast switching.

After evaluating the EC properties of Red1, we investigated its
combination with PB counter electrodes presenting different
thicknesses (PB1, PB2, and PB3) to achieve a neutral-tint ECD
(Fig. 3a and b). PB thin-film electrodes were prepared on ITO-
coated PET substrates (see ESIT), and their transmittance spectra
were measured (Fig. 3a). The light blue PB films exhibited a
broad intervalence charge transfer (IVCT) band centred around
700 nm, characteristic of mixed-valence compounds.**> By adding
the absorbance of the PB films to that of Red1, the predicted
transmittance of the resulting ECDs was calculated (Fig. 3b).
Based on these calculations, we determined the L*a*b* values for
the various electrode combinations (Table S2, ESIt). Among
these, the ECD using PB2 as counter electrode is expected to
achieve the lowest a* and b* colour coordinates, indicating a
near-neutral tint. Based on these results, we evaluated the
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Fig. 3 (a) UV-vis absorbance spectra of three different PB electrodes and
(b) their combination with Red1; spectroelectrochemical characterization
of the (c) Red1 and (d) PB2 electrodes with Li as CE/RE in 1 M LiTFSI/PC.
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individual EC performance of the Red1 and PB2 electrodes in an
electrochemical half-cell with Li as the counter electrode (CE) and
reference electrode (RE), using 1 M lithium bis(trifluoromethane)-
sulfonimide (LiTFSI) in propylene carbonate (PC) as the electrolyte
(Fig. 3c and d). For Red1, the broad transmittance band (Amax =
504 nm) increased upon oxidation at 3.6 V vs. Li/Li" and reduced
upon reduction at 2.4 V vs. Li/Li" (cathodically colouring, Fig. 3c),
while PB2 exhibited a colour change between 2.4 V and 3.6 V vs. Li/
Li" (anodically colouring), observable by the broad IVCT transition
at around 685 nm after oxidation (Fig. 3d).

The 1, value [dark/bleached in %] changed between 63/89
and 63/93 for Red1 and PB2, respectively (Table 1). Notably,
both electrodes reached an almost completely colourless
bleached state, with a*/b* values of —1.0/3.6 for Red1l and
—0.9/—3.1 for PB2. Additionally, both electrodes were analysed
using cyclic voltammetry (CV), charging/discharging, and cycle
stability measurements over 1000 switching cycles. Red1 exhib-
ited anodic and cathodic peak potentials, Ep, and Ep,, corres-
ponding to the oxidation (bleaching) and reduction (colouring)
processes at 3.36 V and 3.51 V vs. Li/Li’, respectively, at a scan
rate of 10 mV s~ ' (Fig. S8, ESIf). For PB2, the anodic and
cathodic peak potentials appeared at 2.78 V and 3.04 V vs. Li/Li"
(Fig. S8, ESIf). No side reactions were observed within the
applied potential window (2.4-3.6 V).

Charge densities determined by galvanostatic measurements
(Fig. S9, ESIt) revealed a maximum charge density of 0.62 mC cm™>
for Red1l and 4.87 mC cm > for PB2 at a current density of
1 pA cm > Another key performance indicator for ECMs is the
colouration efficiency (17), which is calculated using the equation: # =
log(T/T4)/q, where Ty, and Ty are the transmittance values in the
bleached and dark states, respectively, and g is the charge density.
The # values for Red1 and PB2 were determined to be 359 cm? C™*
(at 504 nm) and 78 cm> C™* (at 685 nm), respectively. The CV
(Fig. S8, ESIT) and charge/discharge measurements of the Red1
electrodes confirmed the high reversibility of the bleaching and
colouring processes (Fig. 4a). At a current density of 50 pA cm ™2, the
Coulombic efficiency (defined as the ratio of discharge to charge
density) exceeded 92%. Cycling tests of the individual electrodes in
inert conditions (see ESIT) revealed that after 1000 charge/discharge
cycles between 2.4 V and 3.6 V vs. Li/Li", the Red1 electrode retained
over 84% of its initial charge (0.67 mC cm > — 0.56 mC cm °). A
similar evaluation of the PB2 electrode showed a Coulombic effi-
ciency above 97% (Fig. 4b), with charge retention over 88%
(4.69 mC cm™> — 4.13 mC cm ), indicating stable redox behaviour.

Finally, the Red1 and PB2 electrodes were assembled into a
grey-to-colourless ECD (Red1/PB2) with an active area of 5 x 5 cm>,

Table 1 L*a*b* colour coordinates, visible light transmittance (z,), and
colouration efficiency () of the Red1 and PB2 EC electrodes
Potential/V
EC electrodes vs. Li/Li" L* a* b* /% At,/% n/em? Ct
Red1 2.4 83.0 17.7 4.8 63 26 359
3.6 95.3 —-1.0 3.6 89
PB2 2.4 97.0 —-0.9 3.1 93 30 78
3.6 84.7 —12.8 —10.3 63
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Fig. 4 Charge/discharge measurements over 1000 switching cycles for
(a) Red1 and (b) PB2, performed at 50 pA cm?.

The device was fabricated using a sheet-to-sheet assembly process
(see ESIY), using a proprietary LiTFSI-containing gel electrolyte.*®
Spectroelectrochemical analysis of the device revealed that in its
dark state, a grey colour can be achieved at a cell voltage of —2.0 V
(Fig. 5). This grey hue results from the PB2 counter electrode
absorbing in the 600-800 nm region, which perfectly complements
the lower wavelength absorption (400-600 nm) of the cathodically
colouring Red1 (Fig. 5a). The measured colour coordinates of the
dark (@*/b* = —5.3/—4.7) and bleached state (a*/b* = —3.2/—0.5)
closely match the calculated values and confirm the neutral
colouration. The ECD could be reversibly switched to a colourless
state at 2.0 V, with 7, values of 29% in the dark state and 63% in
the bleached state. The switching time of the ECD, determined
from the t,-time profile shown in Fig. 5b, was around 11 s for
bleaching and 9 s for colouring, highlighting the device’s suit-
ability for EC applications requiring fast response. The relevant
optical properties and switching times are summarised in Table 2.
Further characterization by CV (Fig. S10, ESIf), showed well-
defined, reversible redox peaks at cell voltages of approximately
0.76 V (bleaching) and 0.55 V (colouring) at a scan rate of
10 mV s~ ', Moreover, the scan-rate-dependent CVs (10-100 mV s~ )
indicate that the oxidative and reductive peak currents are linearly
proportional to the square root of the scan rate, i.e. the bleaching/
colouring processes are diffusion-controlled.

In summary, we developed a simple and scalable method for
producing grey-to-colourless switching ECDs. A novel red ECP
(Red1) was designed and straightforwardly synthesised,
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Fig. 5 (a) Spectroelectrochemical characterization and (b) switching time

determination of the Red1/PB2 ECD at cell voltage + 2 V.

Table 2 L[*a*b* colour coordinates, visible light transmittance, and
switching time of the Red1/PB2 ECD

Cell Switching
Full Cell  voltage/V L* a* b* /% At,/% time/s
Red1/PB2 2.0 83.6 —3.2 —-0.5 29 34 11

—2.0 61.7 —-5.3 —4.7 63 9
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presenting a fast red-to-colourless transition and cycling resilience
within flexible ECDs. By combining Red1 with PB for complemen-
tary switching, we achieved a hybrid grey-to-colourless switching
ECD with a VLT modulation of 34% and switching times of
approximately 10 s (active area 5 x 5 cm®). This approach shifts
grey-to-colourless ECD development from synthetic challenges to
an assembly-focused strategy, enhancing the potential of electro-
chromic technology for cost-effective applications.
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