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The three oxidation states of Co in a molecular cobaloxime were
used to realise an electrochromic device displaying the red, yellow,
blue (RYB) set of subtractive primary colours. A facile method for
the lithographic patterning of a several micrometre thick indium
tin oxide (ITO) mesoporous layer was developed, which served as
the scaffold for cobaloxime adsorption.

The fabrication of electrochromic devices and displays based on
hybrid materials is currently attracting much attention." Full
colour displays require the superposition of three primary colours,
with red-green-blue (RGB) and cyan-yellow-magenta-black (CYMK)
being the most common additive and subtractive colour
models. A historical alternative is the artist’s primary colour
wheel containing red, yellow and blue (RYB). Most electrochromic
materials however alternate between two colours only and full-
colour electrochromic displays are rare and typically based on
conjugated polymers.”

Supra-architectural assemblies comprising conjugated con-
ducting polymers such as polythiophene,? polypyrrole,* polyaniline,’
poly(N,N'-di[p-phenylamino(phenyl)]-1,4,5,8-naphthalene tetra-
carboxylic diimide)® and viologens” have been widely used to
construct electrochromic devices. Discrete transition metal
complexes are a promising electrochromic alternative due to
the vivid colours of their different oxidation states.® Cobalt
complexes of the cobaloxime family are under investigation as
models for vitamin B12° and H, evolution catalysts'® (Fig. 1a). We
recently prepared compound [Co], which contains a cobaloxime
core with two phosphonic acid anchor groups in the equatorial
ligand framework for immobilisation on metal oxide surfaces
(Fig. 1b). The good stability of [Co] on indium-tin oxide (ITO) and
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Fig. 1 (a) Structure of [CoX(dimethylglyoximato),(pyridine)] with X = CN™

(Vit B12 model) and X = CI~ (H, evolution catalyst). (b) Cobaloxime [Co] with
phosphonic acid anchors for immobilisation.

strong colouration for the [Co]', [Co]" and [Co|™ oxidation states™"
encouraged us to investigate the potential use of [Co] in an
electrochromic device.

Recent developments in screen,'”> microcontact’® and
inkjet'* printing methodologies facilitate the necessary pattern-
ing of mesoporous electrode materials, such as semiconducting
nanoparticle (NP) pastes. The former two techniques are how-
ever limited in the thicknesses of the transferred material,
whereas inkjet printing is expensive, cumbersome and slow.
Patterning of a NP film via a standard liftoff process has been
demonstrated,'® but the resulting NP layer is thin (<1 pm).

In this communication, we present a lithographically structured
tri-colour electrochromic device based on a facile liftoff process that
is capable of patterning mesoporous ITO films with thicknesses
up to 14 pm. Our approach is low-tech and does not require expensive
equipment or materials. [Co] immobilised on these patterned ITO
electrodes showed multi-coloured electrochromic performance.

First, a simple approach to patterned several micrometre thick
mesoporous ITO electrodes was developed, which is schematically
illustrated in Fig. 2 and described in detail in the ESLT Fluoride-
doped tin oxide (FTO) coated glass was cleaned in piranha
solution (conc. H,S0,/30% H,0,:3/1) at 90 °C for 10 min,
followed by washing with water. An ITO NP (<40 nm) paste in
acetic acid and EtOH was blade-coated onto the FTO. A negative
photoresist (SU8) was sequentially spin-cast onto the ITO. The
samples were soft-baked, exposed to UV light, post-baked and
developed for 30 s with propylene glycol monomethyl ether
acetate (soft- and post-bake procedure: 3 min at 65 °C, 3 min at
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Fig. 2 Schematic illustration of NP electrode patterning: (1) blade-coating of
ITO onto piranha-cleaned FTO, (2) spin-casting of SU8, (3) UV-exposure, (4)
development, (5) liftoff of the cross-linked SU8-ITO composite by soaking in
t-BUOH/ACN, and (6) thermal annealing.

100 °C, and 3 min at 65 °C). The cross-linked SU8-ITO areas were
lifted off by immersing in a mixture of tert-butanol and acetonitrile
for 12 h (+BuOH/ACN:1/1), followed by annealing in air at
450-550 °C for 20 min. This patterning approach was successful for
film thicknesses ranging from 7 to 14 pm, with sub-millimetre
features clearly visible on the patterned electrode (Fig. S1, ESIf).

The liftoff mechanism is based on the SUS-ITO bilayer architec-
ture of the sacrificial areas. Swelling and deswelling of cross-linked
SU8 upon #BuOH/ACN solvent immersion and drying'® causes the
delamination of the bilayer which is driven by tensile stresses
induced by the SU8 top-layer, enabling a clean liftoff. The porous
ITO areas are not subject to any deformation and stay unaffected
during this process.

The mechanical stability of the sintered patterns was good,
withstanding cleaning with a strong stream of nitrogen and
prolonged immersion in organic solvents. [Co] was immobilised
on the mesoporous ITO by soaking for 24 h in an anhydrous
dimethylformamide (DMF) solution (6 mM of [Co]).

To investigate the electrochromic performance, transparent
devices were assembled by capping the patterned ITO|[Co] with
a FTO counter electrode using a precut thermoplastic gasket as the
spacer (Fig. S2, ESIT). Propylene carbonate with 0.1 M tetrabutyl-
ammonium tetrafluoroborate (Bu,NBF,) or 1 M LiClO, was used as
electrolyte solvent rather than DMF which is classified as toxic and
tends to soften the epoxy glue used for encapsulation. The three
oxidation states of [Co] result in multi-coloured electrochromism
(Fig. 3a and Fig. S3, ESIt). At an applied potential of —3.5 V the [Co]'
exhibited a deep blue-green colour; at +3.0 V the yellow arises from
[Co]™. Red colouration indicates the presence of an intermediate
oxidation state [Co]" occurring at potentials of +1.5 V and —2.6 V
during anodic and cathodic sweeps, respectively.

The optical spectra of the three oxidation states for a 14 pm thick
ITO|[Co] electrode are presented in Fig. 3b. The bright-field trans-
mittance measurements were normalised with respect to the fully
transparent area of the devices, whereas a white scattering surface
below the FTO substrate was used as the reference for the dark-field
reflectance measurements. The maximal optical contrasts at 4 =
650 nm are AT = 28.3% and AR = 14.7% for transmittance and
reflectance, respectively. Furthermore, these results were compared
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Fig. 3 (a) Photographs of an electrochromic display employing a 14 um thick
ITO|[Co] electrode. (b) Corresponding optical bright-field transmittance and dark-
field reflectance spectra of the three oxidation states.

to the optical spectra of a 7 um thick ITO|[Co] electrode (Fig. S4,
ESIt). As expected, the thinner film exhibits a higher overall
transmissivity compared to the 14 um thick electrode, but the
maximal optical transmission contrasts at 2 = 650 nm are
comparable. In contrast, an increased ITO|[Co] layer thickness
dramatically enhances the colouration contrast in reflection.
Full colour electrochromic display applications require a
gradually adjustable colouration control which can be achieved
by applying a cell potential between —3.5 and +3.0 V (Fig. 4a).
The [Co] oxidation state changes from III to I occur between
—2.0 and —3.5 V during the cathodic cyclic voltammetry scan
and are accompanied by a steep, S-shaped optical response at
/=650 nm. The redox reactions and the corresponding colouration
changes during the anodic sweep are more gradual. The transition
from [Co]' to [Co]" occurs between —1.0 and +1.5 V whereas the
further oxidation to [Co]™ takes place at more positive potentials
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Fig. 4 (a) Optical transmittance and reflectance response at 4 = 650 nm of a
14 pm thick device and the corresponding cyclic voltammogram (10 mV s ).
Arrows indicate the scan direction and starting point (0 V). (b) Time-resolved
optical response at 4 = 650 nm and current density for an alternating step
potential of —=3.5 V.and +3.0 V.
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between +1.5 and +3.0 V. This in turn results in a step-wise colour
change making the red [Co]" state more easily accessible. The cyclic
voltammogram of [Co] in solution is presented in Fig. S5 (ESIY).

A second important aspect of electrochromism is the temporal
response upon alternating step potentials of —3.5 and +3.0 V
(Fig. 4b). The ITO|[Co] electrode showed sharp and distinct transi-
tions from the blue-green ([Co]' at —3.5 V) to the yellow ([Co]™ at
+3.0 V) state with a characteristic response time of 0.45 s. In contrast,
the reverse step suffers from a slow, creeping optical response that
only sets in after a dead time of 1 s followed by a characteristic
response time of 2.7 s. Interestingly, the current curves of both these
processes show the same initial peak that quickly decays. Further-
more, the cumulative charges passed through the cell during the
10 s potential steps are identical, exhibiting charge density values of
+17 mC em™ 2. Assuming an electron conversion efficiency of 100%,
this value relates to 8.8 x 10~® mol of [Co] adsorbed per square-
centimetre of a 14 pm thick electrode.

Cycle stability and stability of the liquid electrolyte encapsulation
are further important requirements of electrochromic devices.
Degradation of Bu,NBF, quickly led to a brown precipitate, whereas
the ITO|[Co] electrodes in combination with LiClO, exhibited an
improved long-term cycle stability over 500 switching cycles. On
further cycling discolouration of the device due to degradation of the
electrolyte became evident. A stand-by period of four months left the
electrochromic performance unchanged and the ITO patterns as
well as the cell seal intact.

In summary, we have reported the fabrication of a hybrid electro-
chromic device comprising the molecular cobaloxime complex [Co]
immobilised on a patterned ITO electrode. The multi-coloured elec-
trochromic performance arises from switching between the different
oxidation states of the cobalt centre. Patterned mesoporous ITO films
with thicknesses of up to 14 um were fabricated using a modified
lithography liftoff process, utilising low-tech fabrication steps and
inexpensive equipment. On electrodes with individually addressable
pixels, this can provide an electrochromic display that can access the
RYB colour space.
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