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Bistable black electrochromic (EC) devices have attracted increasing attention of researchers due to their
ultra-low energy consumption and tunable sunlight penetration in the visible region. However,
unsatisfactory optical performance and color stability limit their development and application in smart
windows and non-emissive displays. In this work, aiming at the problems of poor dynamic coordination,
and insufficient stability between copper ions and dye molecules, a copolymer containing a dye and

cuprous complex has been designed and synthesized for a black bistable EC material with energy-saving

iizzgﬁ% Zj.ithN/ZL\jg?:é:f)zzgzz properties. Based on this, a semi-solid black EC prototype device with bistable ability (maintains the
color state for 2 h after electric stimulation) and high contrast ratio has been fabricated and

DOI: 10.1039/d2ta06749h demonstrated. The method proposed and verified here is applicable to other dye molecules with similar
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Introduction

Electrochromism refers to a phenomenon of optical manipu-
lation through electric stimulation." Numerous kinds of elec-
trochromic materials such as inorganic electrochromic
materials,”> organic electrochromic materials*” and metal-
organic electrochromic materials®*** have been reported. Here-
into, bistable electrochromic materials and devices attract lots
of attention because they can possess two or more stable optical
states that can be reversibly switched by electrical stimulation.
Compared with commercial display technology such as liquid
crystal display (LCD), bistable electrochromic displays could
retain information without energy consumption.”>** Due to the
advantages of ultra-low energy consumption and long-term
maintenance of expected color/transmittance, bistable electro-
chromic devices have broad application prospects**™” in smart
windows,*®?" non-emission displays,** etc. As one of the most
important parts of optical model and display technology,
bistable black electrochromic devices can adjust the intensity
and spectrum of the entire visible region of solar light and has
been expected by many research groups. In recent years, organic
molecules*® or polymers,>?* metal oxides*””® and hybrid
materials**>*® have been used to fabricate electrochromic black
devices. The related reaction mechanisms can be attributed to
color-mixing,*** electrodeposition,*** the designing of new
materials, etc. For example, black electrochromic devices were
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functional groups, thereby realizing energy-saving and multicolor display.

prepared by mixing three different colored functionalized
POSSs, namely octaviologen (OHV-POSS), thiophene (OTXHV-
POSS) and phenyl (OphHV-POSS).** TiO,-supported viologen
and triphenylamine derivatives were designed to fabricate black
electrochromic devices.*® And a new black electrochromic
device was achieved by electrodeposition of metal elements
such as Cu and Bi.*® However, few of them were reported with
satisfying bistability, which has greatly limited the application
of electrochromic materials and devices into the above-
mentioned areas and energy-saving optical modulation.
Recently, we used dynamic metal-ligand interaction to
design and synthesize new electrochromic materials. Based on
this strategy, the color of switchable dyes (such as molecular
probes for metal ion and pH-sensitive molecules) can be
changed reversibly by regulating the valence of metal ions
through electrical stimulation. And a series of new electro-
chromic devices with different colors had been prepared by
mixing different switchable dyes or polymers. However, it is
hard to balance the optical tunability and bistable properties
due to the limited solubility and intermiscibility of metal ions
and switchable dyes in this mixed strategy (Fig. 1a). For
example, a higher optical tunability (74% transmittance
change) can be obtained in a liquid device owing to the good
solubility of the metal ions and switchable dyes, but intrinsic
diffusion limits the bistability of liquid devices (no retention
time).*® Although a better bistability (1.5 h retention time) can
be observed in a semi-solid device with a mixture of polymer-
ized switchable dyes and the metal ionic ligand polymer, the
intermiscibility of the two polymers restricted the optical
tunability (about 21.4% transmittance change)®” (Fig. 1b). Thus,
breaking the limit of the mixed strategy is key to design

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Imbalance between bistability and the contrast ratio of the semi-solid device and liquid device, (b) the difference between electro-
chromic devices based on two components and a single component, and the structure of ODBMA and PyMA can be found in ESI Fig. S1.1 (c)

Mechanism of color-changing and color-bleaching processes.

a bistable black electrochromic device with higher optical
tunability and longer retention time.

In this work, a copolymer ODB-Py(CuCl)-MA (M10) con-
taining  dye molecules 2-anilino-6-(dibutylamino)-3-
methylfluoran (ODB-2) and a cuprous complex has been
designed and synthesized through radical polymerization
(Fig. 1c). The structure and color-changing mechanism of the
material were confirmed by cyclic voltammetry (CV), ultra-violet
visible spectrophotometry (UV-Vis), Fourier-transform infrared
spectroscopy (FT-IR) and X-ray photoelectron spectroscopy
(XPS).And then, a device based on copolymer M10 has been
fabricated with a high contrast ratio (37% transmittance
change), good bistability (maintains the color state without
electric stimulation after 2 h), and satisfying cycle stability
(more than 500 times). We believe this material can provide
researchers with new ideas to break the bottle neck of black
energy-saving electrochromic devices.

Results and discussion
Design and synthesis

As we mentioned above, to design black-color electrochromic
materials based on a dynamic coordination copolymer, suitable

This journal is © The Royal Society of Chemistry 2022

dye molecules and metal ions should be chosen wisely (Text
S31). A 2-anilino-6-(dibutylamino)-3-methylfluoran (ODB-2)
derivative was used as dye molecules in the copolymer due to
its deep dyeing, black color, good light fastness and good
structure stability when used as a heat sensitive dye for thermo-
sensitive paper. Cuprous ions were introduced through coor-
dination reaction between cuprous chloride and bipyridine in
the copolymer. The synthesis route of the coordination copol-
ymer is shown in Scheme 1, and reaction details, structure
characterization studies and the synthesis route of the contrast
molecule can be found in the ESI (Text S1, S2 and S4t).

To demonstrate the structure of M10, Fourier transform
infrared spectroscopy (FT-IR) (Fig. 2a and b), X-ray photoelec-
tron spectroscopy (XPS) (Fig. 2d and e), scanning electron
microscopy (SEM) (Fig. 2f) and energy dispersive X-ray spec-
troscopy (EDX) (Fig. 2g-i) have been performed. As shown in
Fig. 2a and S2, there are two doublet peaks at about 1435 cm ™,
1456 cm ™! and 1558 cm ™Y, 1575 cm™ ' of M9, which can be
confirmed as stretching vibrational absorption of the bipyridine
skeleton through a previous work.*” The shape and position of
these doublets change after cuprous coordination with bipyr-
idine (M10) as shown in Fig. 2a. The same changes can also be
found between the molecule bipyridine (BiPy) and complex
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Scheme 1 Synthesis route of M10. EA: ethyl acetate, TEA: triethylamine, DCM: dichloromethane, AIBN: 2,2'-azobis(2-methylpropionitrile), THF:
tetrahydrofuran, and ACN: acetonitrile. The grey hexagon refers to the dye part in the molecule, the blue hexagon refers to the bipyridine part in
the molecule, and the blue line refers to the new part of the compound.

bipyridine-CuCl (BiPy-CuCl), as shown in Fig. 2b. These
differences can be attributed to changes in the electron density
of the pyridine backbone after coordination (Fig. 2c). It means
that cuprous ions are coordinated with bipyridine in M10.

As shown in Fig. 2d and e, binding energy of the nitrogen 1s
electron in M9 was measured by XPS. For M9, XPS spectra of N
could be divided into two parts, N of bipyridine at about
398.7 eV, and N of amine at about 399.4 eV. For M10, binding
energy spectra of N could belong to N of amine at 399.4 eV
and N of bipyridine at 399.6 eV. The shift in binding energy of N
for bipyridine might be because electrons of bipyridine was
seized by cuprous ions, which indicated that CuCl has been
coordinated with bipyridine. Besides, signals of N (Fig. 2g), Cu
(Fig. 2h) and C (Fig. 2i) in EDX graphs of M10 films were evenly
distributed, which means that the Cu element has been intro-
duced into polymer. Thus, coordination between cuprous ions
and bipyridine can be confirmed and M10 had been synthesized
successfully.

Feasibility and mechanism

Then, the electrochromic feasibility of the dye copolymer was
investigated. Two new absorption peaks at about 590 nm and
465 nm appeared after the colorless solution of M10 was stim-
ulated by a positive voltage (+1.1 V) as shown in Fig. 3a. Inter-
estingly, those two new peaks are similar to those of function
dye ODB coordinated with cupric ions when copper chloride
was added to M10 solution. These phenomena revealed that

25080 | J Mater. Chem. A, 2022, 10, 25078-25084

this copolymer exhibits electrochromic properties, and the
color change may be due to the copper ion generated by the
redox of cuprous ion. To prove this conjecture, the absorption
spectra of M9 and CuCl as the reference molecule (Fig. 3b) were
measured. Before and after the same stimulation, M9 solution
exhibited no absorption peak in the visible region from 400 to
800 nm. And the absorption of colorless CuCl solution has
increaed at 400 nm after 1.1 V stimulation, because Cu®** was
generated by the oxidation of CuCl. It means that the color
change cannot be observed when CuCl or M9 is alone. Thus, we
can speculate that the color change of M10 may be due to the
coordination between ODB and cupric ions generated by the
oxidation of cuprous ions.

As we mentioned above, cuprous ions should be oxidized
first, and then coordinate with dye molecules. It means that the
oxidation potential of cuprous chloride should be below than
that of ODB as shown in ESI Fig. S3.1 To prove our assumption,
cyclic voltammetry (CV) curves and in situ absorption spectra
were obtained to analyse the redox properties of M9, M10 and
CuCl (Fig. 3c). The oxidation potential of M10 and BiPy-CuCl
(0.5 V in ESI Fig. S47) is lower than that of M9 (above 0.7 V),
which confirms that CuCl is oxidized first in M10. To estimate
the electrochromic process mechanism of M10, the absorbance
of M9, M10 and CuCl at 590 nm, which is characteristic
absorption of ODB, were detected by in situ absorption spectra
(Fig. 3c). Both CuCl and M9 show no absorption changes during
—0.3 V to 0.9 V. Nevertheless, absorbance for M10 increased
with the increase in potential, then decreased with the decrease

This journal is © The Royal Society of Chemistry 2022
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Fig. 2

(a) Fourier transform infrared spectroscopy of M9 (light gray)
bipyridine (Bipy, light grey) and the complex of bipyridine and cuprous chloride (Bipy—CuCl, brown). (c) Schematic of XPS, and the FT-IR

spectrum changing mechanism. (d) and (e) XPS spectra of N atom of M9
and C (i) in the M10 film.

in potential, and returned to the initial state when the potential
was scanned to the open-circuit voltage. The result indicated
that the reversible color change of M10 is due to the reversible
generation of cupric ions and dynamic coordination between
ODB and copper adjusted by the stimulating voltage.

Based on the above conjecture, M10 would be oxidized as
M11 (ODB-Py(CuCl,)-MA, Text S41). To prove this mechanism,
X-ray photoelectron spectroscopy of M9 (Fig. 2d 3d), M10 with
(Fig. 3f) and without electric stimulation (Fig. 2e 3e) and M11
(Fig. 3g) has been performed. Similar to M9 (Fig. 3d), the
intensity of O in M10 (Fig. 3e) could be divided into C-O (531.9
eV) and C=O0 (533.4 eV), which matches our assumption that
ODB has no obviously interaction with cuprous ions. However,
the intensity of M10 after electric stimulation could be assumed
to be the sum of three peaks (Fig. 3f) containing C-O (531.9 eV),
C=0 (533.4 eV) and C-O-Cu (533.2 eV) by comparison with that
of M11 (Fig. 2g). These same peaks show obvious interactions
between ODB and cupric ions when M10 was stimulated by
electricity. Meanwhile, the binding energy of N in M11 (ESI
Fig. S57) is almost similar to that in M10 (Fig. 2e), which shows
that cupric ions still interacted with bipyridine. These results

This journal is © The Royal Society of Chemistry 2022

Binding energy (eV)

and M10 (dark green). (b) Fourier transform infrared spectroscopy of

(d) and M10 (e). (f) SEM of the M10 film, (g)—-(i) EDX spectra of N (g), Cu (h),

reveal that both pyridine and ODB are coordinated with cuprous
ions after electric stimulation, and the mechanism is like that
shown in Fig. 3h.

Performance of the solid device

After investigating the electrochromic feasibility and mecha-
nism of the dye copolymer containing the cuprous complex
M10, a semi-solid multilayer device containing an electro-
chromic layer, ion conductive layer and ion storage layer was
fabricated by blade coating. And the detailed process of device
preparation is shown in the ESI (Text S6 and Fig. S61). As shown
in Fig. 4a, this multilayer device is pale yellow and transparent,
and no obvious absorption peak can be observed in the 500-
800 nm range of the transmission spectrum. When a positive
voltage of about +1.0 V was applied, new absorption peaks at
about 590 nm and 450 nm appeared along with the color change
of the device from pale yellow to black. Furthermore, the
transmission spectrum of the M10 device can change back into
the initial state and the color change returned reversibly to the
initial state at —0.8 V, which means that this device exhibits
wonderful electrochromic properties.

J. Mater. Chem. A, 2022, 10, 25078-25084 | 25081
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Fig. 3 (a) Ultraviolet-visible spectrum of M10 without stimulation (black), at 1.1 V (dark green) and stimulated by 1.8 eq. CuCl, (brown). (b)
Ultraviolet-visible spectrum of M9 without stimulation (black) and at 1.1 V (light blue) and CuCl (light green) without stimulation and at 1.1 V
(yellow). (c) In situ-cyclic voltammetry-ultraviolet-visible spectrum of M10 (brown), M9 (green), and CuCl (black), (d) XPS spectrum of O in M9, (e)
XPS spectrum of O in M10, and (f) XPS spectrum of O in M10 after stimulation. (g) XPS spectrum of O in M11. (h) Mechanism of M10 color change
at a positive voltage. Grey hexagons refer to aromatic rings belonging to ODB, and cyan hexagons refer to aromatic rings belonging to pyridine.

The curve refers to the polymer backbone of M10.

To obtain the best electrochromic performance, the struc-
ture of M10 consisting of three functional units should be
optimized to balance the film-forming properties and electro-
chromic properties. For the dye copolymer containing the
cuprous complex M10, each unit has its own function. By
increasing the ratio of MMA as the polymer backbone, film-
forming ability of the copolymer will be enhanced. By
increasing the ratio of dye ODB and cuprous complex Py(CuCl)
as the function unit, the electrochromic properties of the
copolymer will be improved. Four copolymers M10 with
different MMA ratios have been synthesized, and their ratios
were confirmed by using the 'H NMR spectra (ESI Fig. S7-S117).

To investigate the film-forming ability of these copolymers
with different MMA ratios, their films were fabricated by blade
coating and tested by Scanning electron microscopy (SEM)
(Fig. 4b, c, e and f). As we expected, the copolymer with a higher
MMA ratio is smoother than that with a lower ratio, and
copolymer ODB : Py(CuCl): MA = 1:2: 20 and copolymer ODB :

25082 | J Mater. Chem. A, 2022, 10, 25078-25084

Py(CuCl): MA = 1:2:40 are smooth enough. Hereinto, copol-
ymer ODB:Py(CuCl):MA = 1:2:20 was chosen due to its
higher ratio of the dye and cuprous complex. Except for the
MMA ratio, the thickness of the electrochromic layer is also
a crucial parameter for the electrochromic device, which can
affect both the change intensity of absorbance at 590 nm and
optical maintain time. As depicted in Fig. 4d, the change
intensity of absorbance increased with the increase in the
thickness from 0.36 pm to 2.78 pum. However, the optical
maintain time of the device increased first and then decreased.
And the device with a 1.9 um film shows longest optical main-
tain time and highest change intensity of absorbance.

After the optimization of parameters, the performance of the
device in terms of turn on voltage, bistable performance and
cycling stability was investigated. As shown in Fig. 4g, the
transmittance change of the device at 590 nm increased with
the increasing stimulated voltage. And the change could be
detected when +0.3 V was applied, which indicated that the

This journal is © The Royal Society of Chemistry 2022
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(a). Ultraviolet-visible spectrum of the black electrochromic device based on M10. SEM photos of the electrochromic layer of M10 with

the different ratios of ODB:Py:MAas1:2:3(b), 1:2:8(c), 1:2:20 (e), and 1:2:40 (f), respectively. (d). Variation of absorption and colored-
state maintain time (optical maintain time) of devices with electrochromic layers of different thicknesses. (g) The transmittance at 590 nm of the
device stimulated with different voltages. (h) The transmittance at 590 nm of the device at 1.5 V 15 s, and photos of the device are inserted. (i)
Cycling stability of the electrochromic device; the wavelength was set as 590 nm.

turn-on voltage of the electrochromic device is about 0.3 V.
Another important ability of the electrochromic device is optical
maintain time of the color state. The transmittance of the device
changes to 29% from 66% at 1.5 V for 15 s, and the attenuation
of optical intensity is less than 10% after 2 h without stimula-
tion (Fig. 4h). Although the de-color progression of the device
caused by diffusion of the substances from the ion storage layer
still exists, the result still shows a satisfying bistable property in
this device. The high contrast ratio and good bistable perfor-
mance indicated that the M10 electrochromic device has
potential applications in energy-saving electrochromic devices

This journal is © The Royal Society of Chemistry 2022

and display. Furthermore, this device can switch from the pale
yellow state to color state more than 500 times with low
damping (less than 10%) (Fig. 4i).

Conclusions

In this work, a new copolymer containing a dye and cuprous
complex has been designed and synthesized to balance the
optical tunability and bistable properties of the black energy-
saving electrochromic material and device. And its dynamic
metal-ligand interaction has been confirmed by the cyclic

J. Mater. Chem. A, 2022, 10, 25078-25084 | 25083
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voltammetry test, ultra-violet visible spectrophotometer tests,
Fourier-transform infrared spectroscopy tests, and X-ray
photoelectron spectroscopy. More importantly, the semi-solid
black electrochromic device exhibited long optical maintain
time (2 h), high contrast ratio and satisfactory cyclic reversibility
(more than 500 cycles). Moreover, this synthesis routine is
suitable for other molecules with similar functional groups;
therefore, multi-color electrochromic devices can be achieved.
We believe this synthesis route and electrochromic mechanism
can provideanother way to realize energy-saving display and
enrich the field of optical modulation.
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