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Abstract: The metallo-supramolecular polymer (MSP) is considered one of the most promising
electrodes for electrochromic devices due to its intrinsically stable redox properties. Nevertheless,
despite extensive work focusing on improving the electrochromic and electrochemical properties
of MSPs, little experimental evidence exists from in-depth investigations on the anion-induced
electrochromism of MSPs. Herein, Ru-based metallo-supramolecular polymer (polyRu) films with
excellent electrochromic performance were fabricated through a novel electrochemical deposition
method, and the electrochromic mechanism was further understood. The polyRu films possess
fast reaction kinetics with a short switching time of 4.0 s (colored) and 2.8 s (bleached) and highly
reversible redox properties due to the resulting impacts on the capacitive behaviors (containing sur-
face, near-surface and intercalation pseudo-capacitance) of the perchlorate ions in the electrochromic
process. Moreover, the electrochromic degradation of the polyRu films is considered to stem from the
numerous nanopores in the film induced by ClO4~ transport and the exchange of counter anions
from CI™ to ClO4 ™. In addition, a physical model, revealing the transport of conduction ions and
the evolution of the structure and properties of the polyRu film during the electrochromic process,
is presented. It is observed that the charge balance of Ru®* and Ru?*, achieved through the adsorp-
tion/desorption of CIO4~ on the film, provides electrochromic and electrochemical reversibility to the
polyRu film under positive/negative bias. Correspondingly, a transformation from polyRu:(Cl™ )y,
to polyRu-(ClO4 ™ )x(Cl7)on—x in the polyRu film is induced by a counter anion exchange from
CI™ to ClO4 ™. Revealing the detailed perchlorate ion transfer kinetics and electrochromic mecha-
nism in this film can offer new insights into the application of metallo-supramolecular polymers in
electrochromic devices.

Keywords: electrochromic film; Ru(II)-based metallo-supramolecular polymer; kinetics of ion trans-

port; degradation mechanism; anion-induced electrochromism

1. Introduction

A color change in materials induced by external stimuli (including gas, light, heat and
electricity) can be referred to as chromism [1-4]. Among these changes, color modulation
(changes in transmittance, absorbance and reflectance) by an applied external voltage is
defined as electrochromism [5,6]. Electrochromic (EC) materials have received signifi-
cant attention for their various applications in smart windows [7,8], antiglare rear-view
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mirrors [9], information displays [10], etc. Diverse EC materials have been exploited so
far, including transition metal oxides [11-13], transition metal complexes [14-16], organic
small molecules [17,18], organic conducting polymers [19,20] and metallo-supramolecular
polymers [21-23]. In particular, metallo-supramolecular polymers (MSPs) are recently
developed electrochromic materials with superior electrochromic performance and stable
redox properties [5,21]. The chelating effects of metallic centers with organic ligands rep-
resent a driving force for the formation of metallo-supramolecular polymers [24]. MSPs
show intense color changes owing to the metal-to-ligand charge transfer (MLCT) absorp-
tion [22,25]. Most of the previous research on MSPs has focused on developing novel
methods of preparation to improve their microstructures and electrochromic properties,
including the synthesis of metallo-supramolecular polymers self-assembled from various
pyridine ring-substituted bisterpyridines and metal ions [26] and high-performance asym-
metric supercapacitors with superb cyclic stability for 10,000 cycles [27]. Additionally,
Hsiao et al. have proposed a Ru(Il)/Fe(Il)-based heterometallo-supramolecular polymer as
the working electrode in electrochromic devices (ECDs). ECDs have been demonstrated
to exhibit excellent electrochromic performance with remarkable coloration efficiency of
525.1 cm? C~!, high transmittance modulation of 52.7% and a fast response rate of less than
0.5 s at 503 nm [22]. Supported by the electrostatic spray deposition method, Cai et al. have
implemented a metallo-supramolecular polymer film that operates with unprecedented
performance of large optical modulation, exceptional coloration efficiency, a fast response
time and robust stability [23]. Recent studies reported by Roy et al. support that the
introduction of sodium polystyrene sulfonate (PSS) in Fe(Il)-based metallo-supramolecular
polymers (polyFe) results in high-performance electrochromic devices [28]. Neverthe-
less, even though a lot of efforts have been made in recent years, the precise microscopic
mechanisms regulating the electrochromic process of MSP films remain unclear. Recently,
M. Eguchi et al. tried to establish a physical model of charge transfer in an MSP film
during the electrochemical process, in the hope of revealing its electrochemical reac-
tion kinetics [29]. One of the key extrinsic factors is the transport of conduction anions
(ClO4 ™), which are largely used for defects and damage on the surface of Cu-based metal-
supramolecular polymer films during the electrochemical process [24]. Unfortunately,
very little is known about the mechanism of anion-induced electrochromism in MSP
films, which severely limits our ability to design highly stable and robust electrochromic
or electrochemical devices.

Herein, a novel electrochemical deposition method which combines both chemical
and electrochemical processes for the deposition of Ru(Il)-based metallo-supramolecular
polymer (polyRu) films is presented, based on a precursor solution formed by dissolving the
synthesized polyRu powder into a mixture of methanol and dimethylformamide. We guide
the reader through an overall assessment of the electrochemically deposited polyRu films
after presenting the obtained electrochemical and electrochromic properties. The main
purpose of this article is to elucidate the mechanism of anion-induced electrochromism
in MSP films in a non-intercalating BuyNClO4-MeCN electrolyte on the basis of ex situ
and in situ characterization for the electrochemically deposited MSP films, as shown in
Figure 1.
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Figure 1. A schematic diagram of the ionic kinetic behavior and the structural evolution of the initial
polyRu film (a) and the polyRu film under positive (b) and negative (c) bias.

2. Experiment
2.1. Materials

Acetone (99.5%) was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China), while terephthalaldehyde (98%), 2-Acetylpyridine (98%), potassium hydroxide
(KOH, ACS), ammonium acetate (AR), ruthenium chloride trihydrate (RuCls-H;O, 98%),
methanol (MeOH, 99.5%), ethanol (EtOH, ACS), tetrahydrofuran (THF, 99.5%), acetic acid
(99.5%), dimethyl sulfoxide (DMSO, 99%) and ethylene glycol (98%) were received from Al-
addin (Shanghai, China). All solvents and reagents were used without further purification.

2.2. Synthesis
2.2.1. The Preparation of PolyRu Powder

The polyRu polymer powder was synthesized according to the published literature [27].
Equimolar amounts of 4’,4”~(1,4-phenylene) bis-2,2":6/,2"-terpyridine and RuCl,(DMSO),
were refluxed in nitrogen-saturated ethylene glycol for 24 h, with their synthesis described in
detail elsewhere [26]. After the reaction solution was cooled to room temperature, THF was
added until the solution was colorless. Red precipitates were obtained through centrifugation
after standing. The red precipitates were washed with THF three times, and then, the
precipitated products were dried under vacuum to obtain polyRu powder with a yield of
about 90%.

2.2.2. The Preparation of PolyRu Films

The Ru(Il)-based metallo-supramolecular polymer (polyRu) films were prepared
through two-electrode electrochemical deposition. ITO-coated glass and a platinum sheet
were used as the working electrode and the counter electrode, respectively. We dissolved
100 mg polyRu powder in 50 mL methanol:dimethylformamide 1:1 mixed solution and
stirred to obtain the precursor solution for electrochemical deposition. Then, the polyRu
films were deposited at a constant potential of 8.0 V for 8 min using a potentiostatistical
method. Subsequently, these samples were dried at 60 °C for 6 h in air.

2.3. Measurements

The cross-sectional morphologies of the polyRu films were characterized using a
field emission scanning electron microscope (FESEM, S4800, Hitachi, Japan). The opti-
cal spectroscopy measurements were performed via UV-vis spectroscopy (Perkin-Elmer,
Lambda 950, Waltham, MA, USA). The electrochemical properties of the polyRu films were
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analyzed on an electrochemical workstation (CHI660D, Chen Hua, Shanghai, China). CV
measurements of the polyRu films were carried out in a standard three-electrode system, in
which the polyRu film in ITO glass served as a working electrode, the 0.1 M acetonitrile
solution of BugsNCIO; served as an electrolyte solution, and a platinum sheet served as the
counter electrode. The electrochemical impedance spectra (EIS) were recorded using an
electrochemical workstation (Zennium, IM6, Kronach, German) at a frequency range of
100 mHz-100 kHz.

3. Results and Discussion

XRD, TGA, XPS and TEM measurements were performed to confirm the synthesis of
the polyRu MSP powder. The absence of diffraction peaks in Figure 2a suggests that the
polyRu powder has amorphous characteristics. This can be attributed to the preparation
process of the polyRu powder. When tetrahydrofuran was added to the mixed solution
after the reflux reaction, it led to the formation of flocculent precipitation without a regular
crystal structure. Combined with the TG and DTG curves in thermogravimetric analysis
(Figure 2b), the polyRu powder has slight mass loss below 100 °C, corresponding to the
residual water molecules and solvent molecules. The subsequent mass decline is caused
by the slow decomposition of the metal-organic framework. From room temperature to
610 °C, the cumulative weight loss of the MSP is 25.5%, indicating that the synthesized
polyRu powder has good thermal stability. As shown in Figure 2¢,d, the characteristic peaks
of C1s,N 1s and O 1s occur at 284, 399 and 531 eV. Additionally, peaks corresponding to Ru
3d, Ru 3p3/2 and Ru 3p1/2 are detected at 280, 462 and 483 eV, demonstrating the presence
of Ru in this polymer. Based on these experimental intensity ratios, the N/Ru atomic ratio
is calculated to be 6.5:1, indicating that the metal is bound to the ligand in a hexagonal form.
The analysis of the TEM image (Figure S1) showed no crystallite orientations, providing
evidence for the amorphous nature of the synthesized polyRu powder, conforming the XRD
result. In summary, we synthesized a polyRu powder with a metal-polymer hexagonal
amorphous structure, which allows the powder to remain stable in a wide temperature
range of room temperature to 610 °C.
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Figure 2. (a) the XRD pattern of the polyRu powder; (b) the thermogravimetric curve of the polyRu
powder in nitrogen at a scan rate of 10 °C min~! from room temperature to 610 °C; (c) the full XPS
spectrum of the polyRu powder; (d) the fine XPS spectra of N 1s and Ru 3p in the polyRu powder.
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Figure 3a—c show the cross-sectional images obtained by the scanning electron micro-
scope (SEM) for the as-deposited polyRu film and the polyRu films after the CV (for 100
and 1000 cycles) treatment process in the non-intercalating BuyNClO4-MeCN electrolyte,
respectively. As can be seen, the as-deposited polyRu film without obvious pores is rel-
atively homogeneous and compact, and exhibits perfect adherence to the ITO substrate.
The thickness of the as-deposited polyRu film is estimated to be approximately 2.18 pm.
There are many irregularly distributed nanopores in the polyRu film treated after cyclic
voltammetry in the BuyNCIO4-MeCN electrolyte. Such nanopores are probably caused
by the shedding of the polyRu monomer or the oligomer outside the polyRu film, which
does not connect well with polymer matrix due to the transport of the ClO;~ anion in the
film [24]. As the number of cycles further increases, the number and density of nanopores
increase, and the film thickness gradually decreases (from 1.68 um to 810.8 nm). The
resulting degradation of the electrochromic performance of the polyRu film is observed
(Figure S2). This degradation is also reflected in the long-term durability measurement,
where the capacity of the polyRu electrode material decreases as the number of cycles
increases (Figure S3). The color of the electrolyte changes from clear to yellow (Figure 54),
indicating the polymer’s shedding into the electrolyte during the long-term durability test.
In addition, the color of the polyRu film changes from rose red in the initial state to green
in the oxidation state, and to dark red in the reduction state (close to the initial color), as
shown in the inset of Figure 3d. To address this issue of the transport of ClIO4~ anions
being disadvantageous for the performance of polyRu films, some possible strategies have
been proposed. Firstly, enhancing the interaction between the metal ions and ligands can
help to improve the stability of the polymer chain in the electrolyte, as demonstrated in the
previous report [30]. Alternatively, creating a looser structure in electrochromic materials
can facilitate the transfer or migration of ion carriers across the film, thereby improving the
impact of anion transport to some extent [31]. It is well known that the color of the film
depends on its absorption. As far as the polyRu film is concerned, the MLCT absorption
from the d-electron of Ru(Il) to the LUMO (the lowest unoccupied molecular orbital) of the
m-conjugated ligand is critical. The strong MLCT absorption band of 515 nm in the initial
state is shifted to 502 nm in the reduction state of the polyRu film, as shown in Figure 3d.
This shift is probably attributed to the exchange of the counter anion from Cl~ to ClO;~ in
the film during the electrochemical process, consistent with previous studies [25,32].

The transport and action mechanism of the counter anion (ClO; ™) from the support-
ing electrolyte in the electrochromic process of the Ru(Il)-based metallo-supramolecular
polymer (polyRu) film is shown in Figure 1. Figure 1a illustrates the initial state of the
film. The polyRu film shows dark red owing to metal-to-ligand charge transfer (MLCT)
absorption. The cations and anions are uniformly distributed in the acetonitrile solvent,
and the ions in the electrolyte may spontaneously wet the electrode material due to the
concentration gradient. With a positive bias applied to the polyRu film, as shown in
Figure 1b, electrons are extracted from the polyRu film, and ClO4~ anions in the electrolyte
are attracted towards the electrode surface due to the electric field. At the same time, Ru*
ions present in the polyRu film undergo oxidation and are converted into Ru* ions. As a
result, ClIO4~ (nClO4 ™) anions at the electrode/electrolyte interface are absorbed into the
polyRu film to neutralize the change in the charge of the metal ions (from Ru?* to Ru®*),
accompanied by an exchange of the counter anion from Cl™ to ClO4~ ((ClO47)y) in the
film [25]. Therefore, the polyRu film changes from dark red in the as-deposited state to
dark green in the oxidation state. Simultaneously, the film material exhibits numerous
defects and damage due to the exchange of counter anions, which is likely to be one of
the crucial reasons for the degradation in the electrochromic properties of the polyRu film.
Conversely, when a negative voltage is applied to the polyRu film, as shown in Figure 1c,
electrons are injected into the polyRu film, and the oxidated form of the polyRu film (Ru®*)
becomes reduced to Ru?*. Simultaneously, anions CIO;~ (nClO, ~) previously absorbed in
the film are desorbed, and then, repelled away from the electrode surface with the influence
of the electric field. Conversely, the color of the polyRu film changes from dark green in the
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oxidation state to rose red in the reduction state, instead of dark red in the as-deposited
state, due to the change in counter anions in the film ((C1O4™)x(Cl™)on—x) [33,34].
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Figure 3. (a) Cross-sectional images of the initial polyRu film and the polyRu films treated by CV

after (b) 100 and (c) 1000 cycles; (d) UV-vis spectra of the initial polyRu film and the polyRu films in
oxidation and reduction states. Inset: digital photographs of the polyRu films in various states.

To understand the ClO4 ™~ anion transport process in the polyRu film, the cyclic voltam-
metry curves were measured at different scan rates ranging from 5mV s~! to 60 mV s~!
between 0.4 V and +1.8 V using BuyNCIO4-MeCN as the electrolyte in a three-electrode
electrochemical cell. As shown in Figure 4a, one pair of symmetrical redox peaks can
be observed in the cyclic voltammetry (CV) curves, which presents excellent reversible
electrochemical redox behavior. The oxidation peak is assignable to the Ru®*-to-Ru®*
conversion, and the oxidation potential correlates with the energy required to remove
a d-electron from the Ru?*. Thus, the HOMO (the highest occupied molecular orbital)
potential of metal ions is reduced, resulting in an increase in the bandgap of the MLCT,
which can cause the MLCT behavior to no longer occur, as stated by M. Higuchi et al. [4].
The perchlorate ions are transferred from the electrolyte to the polyRu film to neutralize
the change in the charge of the metal ions (from Ru?* to Ru®*) during the oxidation process.
Meanwhile, an exchange of the counter anion from CI~ to ClO4~ in the electrode material
occurs, as confirmed in Figure 3d. Additionally, the peak separation between the anodic
and cathodic wave of the redox couple is not only related to the MLCT (metal-ligand
charge transfer) transition energy but also to the ohmic drop [35-37]. Additionally, the peak
current densities of the polyRu film increase with a gradual increase in the scan rate. The
power-law relationship between peak current and scan rate can be calculated according to
the following equation [38]:

i=a'b 1)

in which both a and b are adjustable parameters, and i and v, respectively, represent the
peak current and the scan rate. In general, b values of 0.5 and 1 indicate the kinetics of the
redox reaction to be diffusion-controlled and capacitive-controlled process, respectively.
As shown in Figure 4b, the b-values for the oxidation and reduction current peaks are,
respectively, calculated to be 0.65 and 0.64, revealing that the current primarily arises from
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the pseudo-capacitive contribution in the redox system. Also, the high overlap of the two
curves in Figure 4b further demonstrates the excellent electrochemical reversibility of the
polyRu film. In addition, the proportion of diffusion behavior and capacitive behavior in the
electrochemical redox process is calculated by the equation [39]: Q(v) = Q. + k x v~ 1/2,
As revealed in Figure 4c, the contribution of diffusion behavior occupies only a small
part and gradually decreases from 15% to 6% as the scan rate increases from 5 mV s~}
to 60 mV s~ !, indicating that the diffusion and exchange of counter ClO;~ anions only
account for a small section and that most of the perchlorate ions act in the redox process
through capacitive behaviors (containing surface, near-surface, and intercalation pseudo-
capacitance). Therefore, according to the aforementioned morphological characteristics,
the electrochemically cycled polyRu film possesses a large number of irregular nanopores
due to the action of perchlorate ions. In situ Raman spectroscopic analysis is applied in
order to further reveal the mechanism of anion-induced structural transformation and elec-
trochromism of the polyRu film. Figure 4d shows the in situ Raman spectra of the polyRu
film in different color and bleach states, which were monitored through cyclic voltammetry
at a scan rate of 20 mV s~! in 0.1 M BuyNClO4-MeCN solution. The peak at 347 cm !
originates from the metal-pyridine stretching mode [40]. The 404 and 665 cm ! vibrations,
respectively, involve the twisting and bending modes of the pyridine ring. The peaks at
848 cm ! can be traced to the out-of-plane bending mode of the C-H bond [41]. In-plane
bending deformations related to the C-H bond are seen at 1164 cm ! and 1353 em ! [41].
The multiple intense peaks at 1014 em~ 1, 1045 cm™1, 1237 em 1, 1286 cm ™1, 1468 em 1,
1555 cm ! and 1602 cm ™! are consistent with the pyridine ring stretching modes [42].
Obviously, there are no distinct differences in the Raman bands between the initial state
and the reduced/oxidized state of the polyRu film, revealing that no chemical bonds are
formed or broken in the polyRu film. In other words, most of the anions do not chemically
react with the atoms on the electrodes, only undergoing charge transfer. Therefore, the
electrochemical process of the polyRu film in the BuyNClIO4-MeCN electrolyte is highly
reversible and rapid.
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Figure 4. (a) CV curves of the polyRu film at scan rates of 5, 10, 15, 20, 30, 40, 50 and 60 mV s 1
respectively. (b) Powder law dependence of the peak current versus the scan rate for the polyRu film
in oxidation and reduction states. (c) The contribution of capacitive behavior at different scan rates
of the polyRu film in the electrochemical process. (d) In situ Raman spectra of the polyRu film at
various potentials.



Polymers 2023, 15, 4735

8 of 12

Additional information can be obtained by investigating the effect of counter anions
on the electrochromic performance of the polyRu film in a three-electrode electrochemical
cell (Figure 5). Figure 5a displays the transmittance spectra of the polyRu film recorded
at various applied voltages. Two distinct transmittance changes in the polyRu film in a
wavelength range of around 503 nm to 700 nm are observed at an applied potential bias
of 0.6 V to 1.8 V. The high coincidence of the transmittance curves at negative bias and
forward bias suggests that the most effective electrochromic voltage window is between
1.0 V and 1.2 V. The initial observations suggest that there may be a stronger link between
the color change in the polyRu film and the pseudocapacitive behavior of perchlorate
ions than the number of ions embedded in the polyRu electrode. Therefore, the same
maximum/minimum transmittance can be achieved under different negative/positive bias
voltages, showing a fast response speed in Figure 5c (bleaching time t, = 2.8 s, coloration
time t. = 4.0 s). And a large optical modulation of 42.4% can be achieved at 700 nm by
applying an alternating potential between 1.2 V and 0.4 V. Figure 5b displays the in situ
transmittance spectrum (at 700 nm) monitored by the CV ata 20 mV s~ ! scan rate in the
polyRu film. The transmittance is dynamically increased/decreased during the reduc-
tion/oxidative sweep process between 0.4 V and 1.8 V, which indicates a short switching
time from rose red to dark green in the film (the insets in Figure 5b). In addition, as one
of the essential parameters used to evaluate the electrochromic performance, coloration
efficiency (1), defined as the change in optical density (AOD) caused by the charge stored
per unit area of the polyRu film at a specific wavelength during the coloration process, can
be calculated according the following equation [43]:

AOD
n :T: 108 (Tbleached / Tcolored)/ Q ()

where Tpleached and Teolored, respectively, denote the transmittance of the film in bleached
(reduction) and colored (oxidation) states. Q is the charge stored per unit area. Therefore,
the coloration efficiency of 34.1 cm? C~! in the polyRu film can be calculated from the
linear region of the curve in Figure 5d, which suggests rapid charge transport in the
electrochromic film [23].
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Figure 5. (a) In situ transmittance spectrum of the polyRu films at potentials from 0.6 V to 1.8 V. (b) CV

curve and in situ transmittance changes at 700 nm of the polyRu film at a scan rate of 20 mV s~ 1.

(c) Switching time and in situ transmittance spectrum at A = 700 nm (0.4 V/+ 1.8 V, 20 s per cycle).

(d) Variation in optical density (AOD) and charge density (Q) at A = 700 nm.
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Electrochemical impedance spectroscopy (EIS) measurements in the three-electrode
cell were used to assess the kinetics of counter ClO;~ anions in the electrochemical process
of the polyRu film. Figure 6a—d show Nyquist plots of EIS response for the polyRu film at
various applied voltages. Commonly, a semicircle in the high-frequency region corresponds
to charge-transfer processes, and an inclined line in the low-frequency region is known
as the “Warburg region”, dominated by mass-transfer processes [27]. When the angle
of the oblique line from the “Warburg region” is close to 45°, it is called “semi-infinite
Warburg impedance” [44], while a linear line in the low-frequency region parallel to the Z”
and Z’ axes represents purely capacitive and purely resistive behavior, respectively [45].
Electrolyte resistance (Rs) and interfacial charge transfer resistance (R¢t) can be simulated
by the typical equivalent circuits [21] (Figure S3 and Table S1). As depicted in Figure 5a, in
the range of 0.4-1.0 V, there is little variation in the EIS response with potential, with all
Nyquist plots showing no noticeable semicircle (Rt = infinite) at a high frequency, and then,
a near-vertical capacitance region, indicating capacitive behavior of the film. Combined
with the aforementioned transmittance spectra at different voltages, it can be seen that no
redox reaction occurs (without interfacial charge transfer behavior) in the film, and the
perchlorate ion (ClO4 ™) does not play a role in the voltage range of 0.4-1.0 V. On the other
hand, the slope of the Nyquist plots at a high frequency declines and shows a semicircle
when the voltage reaches 1.1 or 1.2 V, which can be attributed to the existence of interfacial
charge transfer behavior at the electrode-electrolyte interface, revealing the occurrence of a
redox reaction at the polyRu film interface accompanied by the diffusion and adsorption
of the perchlorate ion (ClO4 ™). Further, the Nyquist plots display smaller semi-circle arcs,
and the slopes of the linear lines in the low-frequency region are almost parallel to the
Z’ axis when the voltage tends to be more positive (1.3-1.8 V), indicating low interfacial
charge-transfer resistance (R.t) and purely resistive behavior of counter anion diffusion
at the interface. The obtained results reveal that the high oxidation of the polyRu film
(from Ru?* to Ru®*) at the electrode—electrolyte interface under forward bias requires a
large number of counter anions (ClO4 ™) in the electrolyte to move into and be stored in the
polyRu film to balance the charge. Especially under a bias voltage of 1.5 V, two semi-circular
arcs appeared at middle and high frequencies, originating from the ion storage processes of
counter anions [45]. This result is consistent with the modulation of transmittance spectra
upon forward bias voltages.
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Figure 6. (a—d) Nyquist plots of the polyRu film at various constant potentials; the insets show the
enlarged Nyquist plots in the high-frequency region.
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4. Conclusions

In summary, mechanistic insights into the anion-induced electrochromism of a Ru(II)-
based metallo-supramolecular polymer are given in this paper. An evaluation of the kinetics
of perchlorate ion (ClO4 ™) transfer and the coloration mechanisms depending on counter
anion migration at the electrode—electrolyte interface is presented via in situ and ex situ
analyses. An electrochemical process occurs via the capacitive behaviors of the perchlorate
ions in which a containing surface, near-surface and intercalation pseudo-capacitance can
be dominantly formed. The capacitive behavior of the perchlorate ions is responsible for the
rapid switching speed of the polyRu film. Furthermore, the irregular nanopores induced
by the perchlorate ion diffusion and the exchange of counter anions from CI~ to ClO4~
in the film could be reasons for the degradation of the electrochromic performance of the
polyRu film. More significantly, instead of being away from the film at negative bias, the
perchlorate ions at positive bias diffuse and adsorb on the polyRu film to neutralize the
change in the charge of the metal ions (from Ru?* to Ru3*), accompanied by an exchange
of the counter anions from Cl~ to ClO4 ™ in the film. Thus, part of the film material can
be transformed from polyRu:(Cl ™)y, to polyRu-(ClO4 ™ )x(Cl™)on—x. This work opens new
avenues for understanding the coloration mechanism and deepens the research on the
kinetics mechanism of ion transport in metallo-supramolecular polymer films.
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voltammetry curves of the initial polyRu film and the polyRu films treated through CV after 100 and
1000 cycles; Figure S3: Stability over 5000 charge/discharge cycles; Figure S4: Digital photographs
of the electrolyte before and after long-term cycling; Figure S5: The typical equivalent circuit used
to fit the EIS spectra; Table S1: The value of parameters in the EIS spectra of the polyRu film at
various potentials.

Author Contributions: Conceptualization, X.F. and Z.Z.; methodology, H.Z.; validation, T.C., H.C.
and H.Z.; formal analysis, Z.C., A.AR. and M.A.Y,; investigation, X.F. and Z.Z.; resources, A.A.R., T.C.
and H.C,; data curation, X.F. and Z.Z.; writing—original draft preparation, X.F. and Z.Z.; writing—
review and editing, H.Z.; supervision, T.C. and H.Z.; funding acquisition, H.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the International Cooperation Project of Ningbo City, grant
number 2023H003.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The raw /processed data required to reproduce these findings cannot
be shared at this time, as the data also form part of an ongoing study.

Conflicts of Interest: Author Z.C. was employed by the company Ningbo Mi Ruo Electronic Technol-
ogy Co., Ltd. The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

1. Choi, ].W.; Cho, N.; Woo, H.C.; Oh, B.M.; Almutlaq, J.; Bakr, O.M.; Kim, S.-H.; Lee, C.-L.; Kim, ].H. Investigation of high contrast
and reversible luminescence thermochromism of the quantum confined Cs4PbBrg perovskite solid. Nanoscale 2019, 11, 5754-5759.

[CrossRef] [PubMed]

2. Sekine, A. In-situ crystal structure analysis and control of photochromism with dual-mode photoreactive soft crystals. J. Photochem.
Photobiol. C Photochem. Rev. 2022, 51, 100480. [CrossRef]

3. Li E,; Jie, K; Liu, M; Sheng, X.; Zhu, W.; Huang, F. Vapochromic crystals: Understanding vapochromism from the perspective of
crystal engineering. Chem. Soc. Rev. 2020, 49, 1517-1544. [CrossRef] [PubMed]

4. Higuchi, M. Stimuli-responsive metallo-supramolecular polymer films: Design, synthesis and device fabrication. J. Mater. Chem.
C 2014, 2,9331-9341. [CrossRef]

5. Santra, D.C.; Mondal, S.; Yoshida, T.; Ninomiya, Y.; Higuchi, M. Ru(II)-Based Metallo-Supramolecular Polymer with Tetrakis(N-
methylbenzimidazolyl)bipyridine for a Durable, Nonvolatile, and Electrochromic Device Driven at 0.6 V. ACS Appl. Mater.
Interfaces 2021, 13, 31153-31162. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/polym15244735/s1
https://www.mdpi.com/article/10.3390/polym15244735/s1
https://doi.org/10.1039/C8NR10223F
https://www.ncbi.nlm.nih.gov/pubmed/30834913
https://doi.org/10.1016/j.jphotochemrev.2021.100480
https://doi.org/10.1039/C9CS00098D
https://www.ncbi.nlm.nih.gov/pubmed/32016241
https://doi.org/10.1039/C4TC00689E
https://doi.org/10.1021/acsami.1c07275
https://www.ncbi.nlm.nih.gov/pubmed/34176261

Polymers 2023, 15, 4735 11 0f 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Li, J.; Wang, X.; Sun, W.; Maleski, K.; Shuck, C.E.; Li, K.; Urbankowski, P.; Hantanasirisakul, K.; Wang, X.; Kent, P; et al.
Intercalation-Induced Reversible Electrochromic Behavior of Two-Dimensional Ti3C, Tx MXene in Organic Electrolytes. ChemElec-
troChem 2021, 8, 151-156. [CrossRef]

Bai, Z.; Li, R.; Ping, L.; Fan, Q.; Lu, Z.; Hou, C.; Zhang, Q.; Li, Y;; Li, K; Ling, X.; et al. Photo-induced self-reduction enabling
ultralow threshold voltage energy-conservation electrochromism. Chem. Eng. J. 2023, 452, 139645. [CrossRef]

Bi, S.; Jin, W.; Han, X,; Cao, X.; He, Z.; Asare-Yeboah, K,; Jiang, C. Ultra-fast-responsivity with sharp contrast integrated flexible
piezo electrochromic based tactile sensing display. Nano Energy 2022, 102, 107629. [CrossRef]

Huang, Y.; Wang, B.; Chen, F,; Han, Y.; Zhang, W.; Wu, X,; Li, R.; Jiang, Q.; Jia, X.; Zhang, R. Electrochromic Materials Based on
Ions Insertion and Extraction. Adv. Opt. Mater. 2022, 10, 2101783. [CrossRef]

Wang, J.; Zhao, W.; Tam, B.; Zhang, H.; Zhou, Y.; Yong, L.; Cheng, W. Pseudocapacitive porous amorphous vanadium pentoxide
with enhanced multicolored electrochromism. Chem. Eng. J. 2023, 452, 139655. [CrossRef]

Kim, J.; Lee, K.H.; Lee, S.; Park, S.; Chen, H.; Kim, S.K,; Yim, S.; Song, W.; Lee, S.S.; Yoon, D.H.; et al. Minimized optical scattering
of MXene-derived 2D V,05 nanosheet-based electrochromic device with high multicolor contrast and accuracy. Chem. Eng. J.
2023, 453, 139973. [CrossRef]

Zhao, L, Jiang, C.; Chao, J.; Cai, Z.; Chen, Y.; Liang, X.; Zhong, G.; Hu, B.; Miao, L.; Liao, W. Rational design of nickel oxide/cobalt
hydroxide heterostructure with configuration towards high-performance electrochromic-supercapacitor. Appl. Surf. Sci. 2023, 609,
155279. [CrossRef]

Lee, J.T;; Das, D.; Davis, G.A., Jr.; Hati, S.; Ramana, C.V,; Sardar, R. Inorganic-Organic Interfacial Electronic Effects in Ligand-
Passivated WOs3_, Nanoplatelets Induce Tunable Plasmonic Properties for Smart Windows. ACS Appl. Nano Mater. 2022, 5,
9970-9980. [CrossRef]

Ma, Q.; Chen, J.; Zhang, H.; Su, Y.; Jiang, Y.; Dong, S. Dual-Function Self-Powered Electrochromic Batteries with Energy Storage
and Display Enabled by Potential Difference. ACS Energy Lett. 2022, 8, 306-313. [CrossRef]

Ding, Y.; Wang, M.; Mei, Z.; Diao, X. Novel Prussian White@MnO,-Based Inorganic Electrochromic Energy Storage Devices with
Integrated Flexibility, Multicolor, and Long Life. ACS Appl. Mater. Interfaces 2022, 14, 48833-48843. [CrossRef] [PubMed]
Andersson Ersman, P.; Boda, U.; Petsagkourakis, I.; Ahlin, J.; Posset, U.; Schott, M.; Brooke, R. Reflective and Complementary
Transmissive All-Printed Electrochromic Displays Based on Prussian Blue. Adv. Eng. Mater. 2022, 25, 2201299. [CrossRef]
Halder, S.; Roy, S.; Chakraborty, C. Multicolored and durable electrochromism in water soluble naphthalene and perylene based
diimides. Sol. Energy Mater. Sol. Cells 2022, 234, 111429. [CrossRef]

Sun, F; Zhang, H.; Cai, J.; Su, E; Tian, Y.; Liu, Y.J. Selenophene, thiophene, and furan functionalized m-extended viologen
derivatives for tunable all-in-one ECDs. Sol. Energy Mater. Sol. Cells 2023, 250, 112106. [CrossRef]

Xie, X.; Yu, J; Li, Z.; Wu, Z.; Chen, S. Self-healable PEDOT-based all-organic films with excellent electrochromic performances.
New J. Chem. 2022, 46, 21167-21175. [CrossRef]

Wu, Z.; Zhao, Q.; Luo, X.; Ma, H.; Zheng, W.; Yu, ].; Zhang, Z.; Zhang, K.; Qu, K; Yang, R.; et al. Low-Cost Fabrication of High-
Performance Fluorinated Polythiophene-Based Vis-NIR Electrochromic Devices toward Deformable Display and Camouflage.
Chem. Mater. 2022, 34, 9923-9933. [CrossRef]

Yoshida, T.; Bera, M.K.; Narayana, Y.S.L.V.; Mondal, S.; Abe, H.; Higuchi, M. Electrochromic Os-based metallo-supramolecular
polymers: Electronic state tracking by in situ XAFS, IR, and impedance spectroscopies. RSC Adv. 2020, 10, 24691-24696. [CrossRef]
[PubMed]

Hsiao, L.-Y.,; Chang, T.-H.; Lu, H.-C.; Wang, Y.-C.; Lu, Y.-A; Ho, K.-C.; Higuchi, M. A panchromatic electrochromic device
composed of Ru(ii)/Fe(ii)-based heterometallo-supramolecular polymer. J. Mater. Chem. C 2019, 7, 7554-7562. [CrossRef]

Cai, G.; Chen, J.; Xiong, J.; Lee-Sie Eh, A.; Wang, J.; Higuchi, M.; Lee, P.S. Molecular Level Assembly for High-Performance
Flexible Electrochromic Energy-Storage Devices. ACS Energy Lett. 2020, 5, 1159-1166. [CrossRef]

Chen, W.-H.; Chang, T.-H.; Hu, C.-W,; Ting, K.-M.; Liao, Y.-C.; Ho, K.-C. An electrochromic device composed of metallo-
supramolecular polyelectrolyte containing Cu(I) and polyaniline-carbon nanotube. Sol. Energy Mater. Sol. Cells 2014, 126, 219-226.
[CrossRef]

Lu, H.-C; Hsiao, L.-Y.; Kao, S.-Y.; Seino, Y.; Santra, D.C.; Ho, K.-C.; Higuchi, M. Durable Electrochromic Devices Driven at 0.8 V
by Complementary Chromic Combination of Metallo-Supramolecular Polymer and Prussian Blue Analogues for Smart Windows
with Low-Energy Consumption. ACS Appl. Electron. Mater. 2021, 3, 2123-2135. [CrossRef]

Han, ES.; Higuchi, M.; Kurth, D.G. Metallosupramolecular polyelectrolytes self-assembled from various pyridine ring-substituted
bisterpyridines and metal ions: Photophysical, electrochemical, and electrochromic properties. J. Am. Chem. Soc. 2008, 130,
2073-2081. [CrossRef] [PubMed]

Mondal, S.; Yoshida, T.; Maji, S.; Ariga, K.; Higuchi, M. Transparent Supercapacitor Display with Redox-Active Metallo-
Supramolecular Polymer Films. ACS Appl. Mater. Interfaces 2020, 12, 16342-16349. [CrossRef]

Roy, S.; Chakraborty, C. Nanostructured metallo-supramolecular polymer-based gel-type electrochromic devices with ultrafast
switching time and high colouration efficiency. J. Mater. Chem. C 2019, 7, 2871-2879. [CrossRef]

Eguchi, M.; Momotake, M.; Inoue, E; Oshima, T.; Maeda, K.; Higuchi, M. Inert Layered Silicate Improves the Electrochemical
Responses of a Metal Complex Polymer. ACS Appl. Mater. Interfaces 2017, 9, 35498-35503. [CrossRef]


https://doi.org/10.1002/celc.202001449
https://doi.org/10.1016/j.cej.2022.139645
https://doi.org/10.1016/j.nanoen.2022.107629
https://doi.org/10.1002/adom.202101783
https://doi.org/10.1016/j.cej.2022.139655
https://doi.org/10.1016/j.cej.2022.139973
https://doi.org/10.1016/j.apsusc.2022.155279
https://doi.org/10.1021/acsanm.2c02218
https://doi.org/10.1021/acsenergylett.2c02346
https://doi.org/10.1021/acsami.2c12484
https://www.ncbi.nlm.nih.gov/pubmed/36269142
https://doi.org/10.1002/adem.202201299
https://doi.org/10.1016/j.solmat.2021.111429
https://doi.org/10.1016/j.solmat.2022.112106
https://doi.org/10.1039/D2NJ03966D
https://doi.org/10.1021/acs.chemmater.2c01964
https://doi.org/10.1039/D0RA03236K
https://www.ncbi.nlm.nih.gov/pubmed/35516189
https://doi.org/10.1039/C9TC01452G
https://doi.org/10.1021/acsenergylett.0c00245
https://doi.org/10.1016/j.solmat.2013.07.038
https://doi.org/10.1021/acsaelm.1c00132
https://doi.org/10.1021/ja710380a
https://www.ncbi.nlm.nih.gov/pubmed/18201093
https://doi.org/10.1021/acsami.9b23123
https://doi.org/10.1039/C8TC06138F
https://doi.org/10.1021/acsami.7b13311

Polymers 2023, 15, 4735 12 of 12

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Li, J.; Zhang, L.; Cui, J.; Lv, X.; Feng, M.; Ouyang, M.; Chen, Z.; Wright, D.S.; Zhang, C. Hydrogen-Bonding Induced Crosslinked
Polymer Network for Highly Stable Electrochromic Device and a Construction Strategy for Black-Bilayer Electrochromic Film.
Small 2023, 19, 2303359. [CrossRef]

Klein, J.; Alarslan, F,; Steinhart, M.; Haase, M. Cerium-Modified Mesoporous Antimony Doped Tin Oxide as Intercalation-Free
Charge Storage Layers for Electrochromic Devices. Adv. Funct. Mater. 2022, 33, 2210167. [CrossRef]

Zhang, ].; Hsu, C.-Y.; Higuchi, M. Anion Effects to Electrochromic Properties of Ru-based Metallo-supramolecular Polymers. J.
Photopolym. Sci. Technol. 2014, 27, 297-300. [CrossRef]

Pai, S.; Schott, M.; Niklaus, L.; Posset, U.; Kurth, D.G. A study of the effect of pyridine linkers on the viscosity and electrochromic
properties of metallo-supramolecular coordination polymers. J. Mater. Chem. C 2018, 6, 3310-3321. [CrossRef]

Griffin, ] M.; Forse, A.C.; Tsai, W.-Y.; Taberna, P.-L.; Simon, P.; Grey, C.P. In situ NMR and electrochemical quartz crystal
microbalance techniques reveal the structure of the electrical double layer in supercapacitors. Nat. Mater. 2015, 14, 812-819.
[CrossRef] [PubMed]

Maruyama, M.; Kaizu, Y. Syntheses, absorption spectra, electrochemistry and MLCT excited-state properties of [Ru(imin)n(bpy)s_n]
(PFg)> (n = 0—3, imin = 2-(N-methylformimidoyl)pyridine) complexes. Inorg. Chim. Acta 1996, 247, 155-159. [CrossRef]
Elgrishi, N.; Rountree, K.J.; McCarthy, B.D.; Rountree, E.S.; Eisenhart, T.T.; Dempsey, ].L. A Practical Beginner’s Guide to Cyclic
Voltammetry. J. Chem. Educ. 2018, 95, 197-206. [CrossRef]

Hu, C.-W,; Sato, T.; Zhang, J.; Moriyama, S.; Higuchi, M. Multi-colour electrochromic properties of Fe/Ru-based bimetallo-
supramolecular polymers. J. Mater. Chem. C 2013, 1, 3408-3413. [CrossRef]

Brezesinski, T.; Wang, J.; Tolbert, S.H.; Dunn, B. Ordered mesoporous «-MoO3 with iso-oriented nanocrystalline walls for thin-film
pseudocapacitors. Nat. Mater. 2010, 9, 146-151. [CrossRef]

Yang, P.; Sun, P; Du, L.; Liang, Z.; Xie, W.; Cai, X.; Huang, L.; Tan, S.; Mai, W. Quantitative Analysis of Charge Storage Process
of Tungsten Oxide that Combines Pseudocapacitive and Electrochromic Properties. . Phys. Chem. C 2015, 119, 16483-16489.
[CrossRef]

Laschuk, N.O.; Ebralidze, L.L; Easton, E.B.; Zenkina, O.V. Systematic Design of Electrochromic Energy Storage Devices Based on
Metal-Organic Monolayers. ACS Appl. Energy Mater. 2021, 4, 3469-3479. [CrossRef]

Hansen, PW.; Jensen, P.W. Vibrational studies on bis-terpyridine-ruthenium(II) complexes. Spectrochim. Acta Pt. A Mol. Spectrosc.
1994, 50, 169-183. [CrossRef]

Ricci, A.M.; Tognalli, N.; de la Llave, E.; Vericat, C.; Méndez De Leo, L.P.; Williams, EJ.; Scherlis, D.; Salvarezza, R.; Calvo, E.J.
Electrochemistry of Os(2,2'-bpy),CIPyCH,NHCOPh tethered to Au electrodes by S-Au and C-Au junctions. Phys. Chem. Chem.
Phys. 2011, 13, 5336-5345. [CrossRef] [PubMed]

Balamurugan, G.; Pande, G.K.; Choi, ].H.; Park, ].S. Enhanced electrochromic properties of terpyridine-attached asymmetric
viologen with high transmittance and switching stability. Sol. Energy Mater. Sol. Cells 2020, 216, 110714. [CrossRef]

Ahmad, R.; Laschuk, N.O.; Ebralidze, L.I.; Zenkina, O.V.; Easton, E.B. Probing the Influence of Counter Electrode Structure on
Electrochromic-Device Operating Potentials and Performance Using Electrochemical Impedance Spectroscopy. ChemElectroChem
2021, 8, 2193-2204. [CrossRef]

Laschuk, N.O.; Easton, E.B.; Zenkina, O.V. Reducing the resistance for the use of electrochemical impedance spectroscopy analysis
in materials chemistry. RSC Adv. 2021, 11, 27925-27936. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/smll.202303359
https://doi.org/10.1002/adfm.202210167
https://doi.org/10.2494/photopolymer.27.297
https://doi.org/10.1039/C7TC04177B
https://doi.org/10.1038/nmat4318
https://www.ncbi.nlm.nih.gov/pubmed/26099110
https://doi.org/10.1016/0020-1693(95)04958-4
https://doi.org/10.1021/acs.jchemed.7b00361
https://doi.org/10.1039/c3tc30440j
https://doi.org/10.1038/nmat2612
https://doi.org/10.1021/acs.jpcc.5b04707
https://doi.org/10.1021/acsaem.0c03218
https://doi.org/10.1016/0584-8539(94)80125-8
https://doi.org/10.1039/c0cp02409k
https://www.ncbi.nlm.nih.gov/pubmed/21359311
https://doi.org/10.1016/j.solmat.2020.110714
https://doi.org/10.1002/celc.202100195
https://doi.org/10.1039/D1RA03785D

	Introduction 
	Experiment 
	Materials 
	Synthesis 
	The Preparation of PolyRu Powder 
	The Preparation of PolyRu Films 

	Measurements 

	Results and Discussion 
	Conclusions 
	References

