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applications in smart windows/mirrors, 
battery charge sensors, and displays.[1] In 
particular, with the increasing demand 
for efficient energy usage, energy-saving 
buildings using EC smart windows 
have garnered the most attention. This 
is because the EC smart windows are 
capable of regulating the transmission 
of visible and near-infrared light under 
potential bias, allowing building energy 
use savings up to 40%.[1a,2] To meet this 
application need, developing highly effi-
cient ECDs is in great demand. So far, a 
broad variety of EC materials have been 
explored in recent years, including metal 
oxides (WO3, V2O5, and NiO),[3] metal 
complexes (Prussian blue),[4] small mole-
cules (viologen and its derivatives),[5] and 
conducting polymers (polypyrrole, poly-
thiophene, and polyaniline).[6] Typically, 
WO3 has been widely investigated as a 
known inorganic EC material due to its 
excellent stability, fast switching speed, 

high coloration contrast, and low energy consumption.[7] Over 
the past decades, significant improvements in the performance 
have been a result of producing amorphous and nanostructured 
WO3 to realize high porosity and active surface area, which can 

Electrochromic devices (ECDs) have emerged as a unique class of optoelec-
tronic devices for the development of smart windows. However, current ECDs 
typically suffer from low coloration efficiency (CE) and high energy consump-
tion, which have thus hindered their practical applications, especially as 
components in solar-powered EC windows. Here, the high-performance ECDs 
with a fully crystalline viologen-immobilized 2D polymer (V2DP) thin film as 
the color-switching layer is demonstrated. The high density of vertically ori-
ented pore channels (pore size ≈ 4.5 nm; pore density ≈ 5.8 × 1016 m-2) in the 
synthetic V2DP film enables high utilization of redox-active viologen moieties 
and benefits for Li+ ion diffusion/transport. As a result, the as-fabricated ECDs 
achieve a rapid switching speed (coloration, 2.8 s; bleaching, 1.2 s), and a high 
CE (989 cm2 C-1), and low energy consumption (21.1 µW cm-2). Moreover, it is 
managed to fabricate transmission-tunable, self-sustainable EC window pro-
totypes by vertically integrating the V2DP ECDs with transparent solar cells. 
This work sheds light on designing electroactive 2D polymers with molecular 
precision for optoelectronics and paves a practical route toward developing 
self-powered EC windows to offset the electricity consumption of buildings.
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1. Introduction

Electrochromic devices (ECDs) are a unique type of optoelec-
tronic device with customizable optical properties and potential 

Adv. Mater. 2021, 2106073

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202106073&domain=pdf&date_stamp=2021-10-18


© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH2106073  (2 of 9)

www.advmat.dewww.advancedsciencenews.com

provide efficient channels for Li+ diffusion and promote effec-
tive EC reactions.[6b,7a] Recently, owing to the chemical diversity, 
solution processability, and compatibility with flexible sub-
strates, organic EC materials have emerged as promising can-
didates for high-performance ECDs.[8] Among these materials, 
viologen and its derivatives have evolved as one of the most 
studied ones because of their low driving voltage, a wide variety 
of color variations, and low manufacturing cost.[5a] In this 
regard, much effort has been devoted to exploring the sophis-
ticated viologen-based EC materials through post-modification 
of viologens, polymeric viologens, and the construction of com-
posites with inorganic materials.[5a,b,9] However, the practical 
use of the viologen-based materials for ECDs is still hampered 
by their long switching time (>3 s), and low CE (<500 cm2 C−1) 
due to the sluggish ionic diffusion and limited charge transport 
through the random and chaotic pathways during the switching 
process. A promising scheme to address these challenges relies 
on developing viologen-based EC films with ordered channels 
for fast ion diffusion.

Two-dimensional polymers (2DPs)[10] and their layer-stacked 
2D covalent organic frameworks (2D COFs)[11] are an emerging 
class of organic layered materials with well-defined permanent 
porosity. Thanks to their tailor-made structures and properties, 
these porous crystalline polymers have exhibited the potential 
for broad functions in optoelectronics, membrane, catalysis, 
and energy storage and conversion.[12] Recent advances have 
demonstrated that 2D COFs integrated with color-switching, 
redox-active units such as triphenylamine in the backbones 
could present reversible color switching and are, therefore, 
excellent candidates for ECDs.[13] Nevertheless, these 2D COF-
based ECDs have not unleashed their full potential to display 
high CE (while few examples could reach over 800 cm2 C−1)[13d] 
due to the random stacking of crystallites and the presence of 
amorphous defects that lead to restricted ion diffusion. In this 
regard, achieving related materials with highly ordered and ori-
ented columnar-like pores could provide a large interface area 
with the electrolyte, high utilization of built-in color-switching 
components, and fast ion diffusion, which are crucial for real-
izing a quick and efficient EC switching.[14]

Herein, we demonstrate the highly efficient ECDs employing 
a novel viologen-immobilized 2DP (V2DP) film as the EC layer. 
The V2DP was synthesized from Schiff-base 2D polycondensa-
tion between 1,1′-bis(4-aminophenyl)-[4,4′-bipyridine]-1,1′-diium 
chloride (1) and 2,4,6-trihydroxybenzene-1,3,5-tricarbaldehyde 
(2) on the water surface. The resultant V2DP presents as a free-
standing, fully crystalline film with a large area (over 100 cm2) 
and tunable thickness (1–65  nm), comprising a high density 
of positively charged viologen moieties (≈3.5 × 1026 m−3) and 
hexagonal pore channels (pore size ≈ 4.5  nm; pore density 
≈ 5.8 × 1016 m−2). By integrating the V2DP film into ECDs, we 
achieve a high switching speed (coloration, 2.8 s; bleaching, 
1.2 s), and a high CE (989 cm2 C−1 at 90% of the full switch) 
and low energy consumption (21.1 µW cm−2). Using cyclic vol-
tammogram (CV) and electrochemical impedance spectrum 
(EIS), we unveil that the V2DP allows higher access to viologen 
moieties and enhanced Li+ ions transport than the amorphous 
counterpart material. Furthermore, we demonstrate a proof-of-
concept energy-saving EC system through stacking transparent 
solar cell (TSC) and ECD, which is capable of independent 

and sustainable operations without an external power source, 
making it an attractive candidate for self-powered, light-con-
trolled smart windows.

2. Results

We synthesized V2DP film by (A2+B3)-type 2D polyconden-
sation between compounds 1 and 2, which is illustrated in 
Figure  1a,b, employing a surfactant monolayer-assisted inter-
facial synthesis (SMAIS). Specifically, a sodium oleyl sulfate 
(SOS) monolayer was prepared on the water surface in a beaker 
(diameter, 12  cm). After 10  min, 2  mL trifluoromethanesul-
fonic acid (TfOH) (7.4  µmol) aqueous solution of 1 (4.8  µmol) 
was injected into the water subphase (pH reached 1.5 after the 
injection). Through the electrostatic interaction, the positively 
charged 1 could be readily adsorbed underneath the SOS mon-
olayer. After 1 h, 2  mL aqueous solution of 2 (3.2  µmol) was 
injected into the water subphase to trigger the 2D polymeri-
zation. The reaction was kept at room temperature under the 
ambient condition for 6 days, which afforded the macroscopic 
yellow film with a lateral size of ≈113 cm2 and shiny reflection 
on the water surface (Figure  1b, inset). The resultant V2DP 
film on the water surface was robust enough to be fully trans-
ferred onto different substrates for characterizations, such 
as on indium tin oxide (ITO) and SiO2/Si substrates, as well 
as transmission electron microscopy (TEM) grid. The mor-
phological features of V2DP film were inspected by scanning 
electron microscopy (SEM), optical microscopy (OM), and 
atomic force microscopy (AFM). The V2DP film exhibited 
excellent mechanical stability and could suspend over large 
holes with a side length of ≈25 µm on a TEM grid (Figure 1c). 
The OM and AFM images revealed a homogeneous film with 
a thickness of 20 nm (Figure  1d; Figure S1, Supporting Infor-
mation). In particular, the film presented an ultra-smooth sur-
face with a root mean square (RMS) roughness of 0.62  nm 
in an area of 20 × 20 µm2. Note that the thickness of V2DP 
film could be finely tuned from 1 to 65 nm by controlling the 
reaction time from 1 day to 40 days (Figure S2, Supporting  
Information).

We further confirmed the bonding information and chem-
ical composition of V2DP film by multiple spectroscopy tech-
niques. ATR-FTIR spectra show the vanishing of the charac-
teristic of NH stretch (≈3184 cm−1) from compound 1 and 
carbonyl stretching band (≈1639 cm−1) from compound 2, 
respectively (Figure S3, Supporting Information), suggesting 
the efficient conversion of amine and aldehyde groups into 
imine linkages in V2DP film. Besides, a new band at 1655 cm−1 
characteristics for CN stretching was observed for V2DP  
in the surface-enhanced Raman spectra, supporting the forma-
tion of an imine bond (Figure S4, Supporting Information).  
The energy-dispersive X-ray spectroscopy (EDX) mapping 
(Figure S5, Supporting Information) and X-ray photoelectron 
spectroscopy (XPS) (Figure S6a–d, Supporting Information) 
analysis reveal a homogenous distribution of C, N, O, S, and 
F in V2DP. The observed F1s and S2p signals, combined with 
the disappearance of Cl2p manifest that the counter ion Cl− in 
monomer 1 was substituted by CF3SO3

− after the on-water sur-
face polymerization (Figure S6e, Supporting Information).
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To gain insight into the crystallinity and lattice structure 
of V2DP, we performed selected-area electron diffraction 
(SAED) and high-resolution transmission electron micros-
copy (HRTEM) imaging. As shown in the SAED pattern, the 
observed diffraction ring suggests the polycrystalline nature of 
the synthetic V2DP film (Figure 1e,f). The nearest reflection at 
0.22 nm−1 corresponds to 4.5  nm in real space, agreeing with 
the lattice parameters of V2DP. HRTEM images (Figure  1g; 
Figure S7, Supporting Information) reveal that the V2DP film 
is fully crystalline with domain sizes of 50–100 nm and periodic 
hexagonal pores with a pore size of 4.5 nm (Figure  1g, inset). 
To elucidate the layer orientation and stacking in the V2DP 
film on a macroscopic scale, we further performed a synchro-
tron grazing incidence wide-angle X-ray scattering (GIWAXS) 
analysis. As shown in Figure S8, Supporting Information, a dif-
fuse arc at Qz = 1.68 Å−1 was observed in the out-of-plane direc-
tion, suggesting a preference of V2DP for the face-on orienta-
tion with a π–π stacking distance of 0.37 nm. The in-plane peak 
at Qxy  = 0.29 Å−1 corresponds to the 200 Bragg reflections of 
a hexagonal lattice. The resultant unit cell was assigned with 
a  = b  = 4.5  nm, which is consistent with the lattice structure 
provided by SAED and HRTEM investigations. These results 

unambiguously suggest that the V2DP film is face-on oriented 
with hexagonal channels perpendicular to the substrate, which 
would provide favorable pathways for ion transport.[15] For 
comparison, we also synthesized the contrast sample under 
the same reaction condition without using surfactant mono
layer, which only provided amorphous polyimine (aPI) films 
(Figure S9, Supporting Information).

The electrochemical behavior of the ITO-supported V2DP 
electrode (film thickness, 20  nm) was first evaluated in a 0.1 
m LiCl aqueous electrolyte with the CV measurement. As 
shown in Figure  2a and Figure S10, Supporting Information, 
the CV curves show two distinct redox peaks at −0.75  V and 
−0.22  V (vs Ag/AgCl) in a potential window of 0.2 to −1.0  V, 
corresponding to the reversible two-electron redox reaction of 
viologen moieties assisted by the insertion/extraction of Li+. In 
Figure 2b, the yellow color of V2DP electrode changed to violet 
at −0.42 V, which was ascribed to the generation of the radical-
cation form (V▪+) during the first one-electron reduction of the 
viologen unit (V2+). Then it turned to dark at −0.87 V due to the 
rapid comproportionation mechanism of the di-reduced form 
with quinoid structure (V).[5b,c] When the potential increased 
from −1.0 to 0.2 V, the oxidation of viologen moieties restored 
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Figure 1.  Synthesis protocol and structural characterizations of V2DP. a) A schematic of the synthetic procedure through the SMAIS method. b) A 
reaction scheme illustrating the synthesis of V2DP via Schiff-base polycondensation. Inset, OM image of V2DP film on the water surface. c) SEM 
image of V2DP film transferred onto a hexagonal copper mesh. d) AFM image and height profile along the white line across V2DP film deposited on 
SiO2/Si substrate. e) An overview of V2DP film by bright-field TEM. f) SAED pattern from the marked position in (e). g) HRTEM image of V2DP. Inset, 
Intensity profiles along the yellow line, FFT, and magnified HRTEM image of V2DP with structure overlaid.
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the color from dark to violet and ultimately yellow. To further 
reveal the relationship between the EC performance and corre-
sponding redox reactions in the V2DP electrode, UV–vis spectra 
were real-time recorded during the charge/discharge process  
(Figure S11, Supporting Information). The in situ UV–vis spec-
troelectrochemical equipment (Figure  2c) was assembled with 
an electrochemical workstation and a UV–vis spectroscopy 
based on a three-electrode system (Pt wire as the counter elec-
trode, Ag wire as the reference electrode, ITO-supported V2DP 
film as the working electrode, and 0.1 m LiCl aqueous elec-
trolyte). During the reduction reaction from 0.2 to −1.0  V, the 
absorption band at 443 nm proportionally decreased upon one-
electron reduction, combined with the increase of the visible 
absorption region (Figure 2d; Figure S12a, Supporting Informa-
tion). Meanwhile, new absorption bands emerged at 526 and 
688 nm (green spectrum), indicating the formation of a radical-
cation form (V2+→V▪+). The second reduction commenced at 
−0.6 V, which generated a dark viologen species that absorbed 
at 430  nm (blue spectrum), suggesting that the radical-cation 
form evolved further into the neutral form at the higher bias 

voltage (V▪+→V). To support the experimental results of the 
absorption behavior, we further carried out density functional 
theory (DFT) calculations along with the random phase approx-
imation (RPA) (Figure 2d, inset). Upon one-electron reduction, 
the calculated UV–vis absorption spectrum of V2DP presents 
new bands at 477 and 670 nm, while the second reduction gives 
rise to the appearance of the band at 407  nm and the disap-
pearance of bands at 477 and 670  nm. These results support 
the experimental spectra well, revealing that the observed band 
shifts are unambiguously associated with the reversible redox 
reaction of viologen moieties. As shown in Figure  2e and 
Figure S12b, Supporting Information, the absorption reverted 
to its original state during the oxidation from −1.0 to 0.2  V. 
Thus, we can conclude that the different characteristic ionic 
states of viologen moieties in V2DP contribute to the reversible 
absorbance changes over reduction–oxidation cycles.

To further gain insight into the insertion/extraction of Li+ 
during the redox reaction, we conducted the surface-enhanced 
Raman (SE Raman) and ATR-FTIR measurements on the V2DP 
film at different redox states including its initial state (yellow), 
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Figure 2.  Electrochemical behavior and spectroelectrochemical characterizations. a) CV curves of the V2DP electrode at different scan rates from 10 to 
100 mV s−1. b) Images of reversible color switching of V2DP film. c) Schematic illustration of the in situ spectroelectrochemical measurement. UV–vis 
spectra changes of V2DP electrode recorded during d) reductive and e) oxidative processes. Inset, calculated UV–vis absorption spectra of V2DP.  
f) Schematic of the ion diffusion pathways within the V2DP and aPI films, as well as the redox mechanism of viologen moiety. For V2DP, the high 
density of vertically oriented pore channels provides high viologen moieties and fast diffusion pathways for Li+ ions. In contrast, the aPI suffers from 
low ion transport efficiency caused by random diffusion pathways.
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one-electron reduced state (violet), and oxidized state (yellow). 
As shown in Figure S13a, Supporting Information, compared 
with the initial state, the Raman bands of SO3

− in CF3SO3
− 

become broader with lower intensity in the one-electron 
reduced V2DP, indicating that the Li+ can insert into V2DP, 
and thus be uptook by CF3SO3

− to form CF3SO3
−….Li+ pairs. As 

such, ATR-FTIR spectra show relatively broad and weak absorp-
tions at 1255 cm−1 (CF3), and 1172 and 1030 cm−1 (SO3

−) in the 
one-electron reduced V2DP (Figure S13b, Supporting Informa-
tion). In contrast, these peaks recover to their original states in 
the oxidized V2DP, supporting that the concentration of free 
CF3SO3

− is increased due to the dissociation ionic pairs during 
the oxidation of viologen moieties. These results reveal that 
the redox reaction of viologen moieties is associated with the 
reversible Li+ uptaking/releasing steps on the CF3SO3

− sites.
Due to the fully crystalline nature, V2DP film bears the 

advantage of the high density of built-in viologen moieties in 
the polymer skeleton (≈3.5 × 1026 m−3) combined with highly 
ordered and vertically oriented pore channels (pore size ≈ 
4.5 nm; pore density ≈ 5.8 × 1016 m−2). In this regard, Li+ ions 
from an aqueous electrolyte could efficiently pass through  
the uninterrupted pores to access the viologen moieties for the 
redox reactions (Figure  2f). Thus, the ion diffusion and the 
redox reactions occur throughout the entire V2DP structures 
simultaneously, leading to efficient and fast EC switching. For 
comparison, we investigated the electrochemical behavior of 
aPI film (thickness ≈ 20  nm) under the same condition. aPI 
film presented a much smaller CV area than its crystalline 
counterpart, indicating slow ion diffusion and low utilization 
of accessible viologen moieties (Figure  2f; Figure S14, Sup-
porting Information). Besides, the EIS of V2DP and aPI films  
were recorded in the frequency range of 100  kHz to 0.1  Hz 
(Figure S15, Supporting Information). Notably, unlike the 
semicircle behavior for aPI, the spectrum for V2DP displays 
a straight line with a high slope in the low-frequency range, 
indicating a more prominent capacitive behavior and lower dif-
fusion resistance of Li+ ions. V2DP has a smaller radius at a 
high frequency than that of aPI, suggesting that the enhanced 
ion transport originates from the periodic porous structure. 
These results highlight the substantial contribution of the high 
porosity and well-defined channels in improved ion transport 
and highly accessible color-switching units, which play a crucial 
role in EC performance.

We then constructed a quasi-solid-state V2DP-based ECD 
(V2DP ECD), which comprises an ITO-supported V2DP 
working electrode (thickness of V2DP, 20 nm), interfaced with 
a blank ITO glass as the counter electrode via the electrolyte 
of 0.1 m LiCl-based polyvinyl alcohol (PVA) gel (Figure  3a). 
Upon applying a negative potential (from −1.4 to −2.1  V) to 
the working electrode, electron flow from the external circuit 
into the V2DP film, resulting in the reduction of the viologen 
moieties. This caused a stepwise change of the ECD color from 
yellow to violet (Figure  3b; Video S1, Supporting Informa-
tion), accompanied by a gradually reduced average visible-light 
transmission (AVT) from 70.9% to 50.2% and color rendering 
index (CRI) from 98 to 89 (Table S1, Supporting Information). 
Further increasing the potential to −2.3  V led to a dark state, 
indicating the formation of radical-cations and further evolving 
into neutral form at higher bias voltages. The CIE 1931 (x, y) 

coordinates at blenching and colored states are shown in  
Figure S16, Supporting Information. The coloration reaction 
was reversed upon applying positive potentials from 0.1 to 
0.5  V, enabling oxidation of neutral viologen moieties by Li+ 
transport from V2DP film to the electrolyte, which is consistent 
with the observation in the electrochemical measurement. 
Figure  3c,d presents the corresponding transmission spectra  
at each state. The contrast ratio between yellow and violet states 
was determined to be ≈25% at either 557 or 686  nm, which  
is well comparable with the reported 2D COF-based EC mate-
rials with the thickness of hundreds of nanometers.[13a,b] It 
should be noted that this transmission difference value can be 
increased to 40% when the thickness of V2DP film is increased 
to 40 nm (Figures S17 and S18, Supporting Information). There-
fore, we believe that by adjusting the thickness of V2DP film, 
our ECDs can have varied optical contrast values and be used 
in different environments. As shown in Figure  3e, the trans-
mission of the ECD at 550 nm was recorded when the device 
was applied with the bias of −2.0 and +1.0  V. The coloration 
(tc) and bleaching (tb) time for 90% of the transmission change 
between yellow and violet states were 2.8 and 1.2 s, respectively 
(Figure  3f). The stability of V2DP ECDs was also evaluated, 
revealing the contrast ratio dropped only ≈0.5% for 550  nm 
after 15 cycles (≈4.4% after 200 cycles) of potential switching 
(Figure S19, Supporting Information).

Next, we calculated the charge density consumed for optical 
contrast, that is, CE,[16] for both coloration and bleaching pro-
cesses at 90%, 95%, and 98% of the full switch (Table S2, Sup-
porting Information). Notably, the CE and energy consumption 
were calculated to be 989 cm2 C−1 and 21.1 µW cm−2 at 90% of 
optical contrast, respectively. These values are superior to those 
of the reported 2D COFs (Figure 3f; Figure S20 and Table S3, 
Supporting Information), aPI (Figure S21, Supporting Infor-
mation), and well comparable with the state-of-the-art highly 
efficient EC materials such as WO3, viologen, and conducting 
polymers.[5a,16b,17] Although the CE diminished with the time 
approaching the full switch, we still achieved the CE of 811 cm2 
C−1 at 95% and 711 cm2 C−1 at 98% of optical change. Besides, 
when the V2DP ECD was bleached from violet to yellow at 
1.0 V, the CE is around 500 cm2 C−1 and would keep consistent 
at 90%, 95%, and 98% of the full switch.

In pursuit of portable and wearable optoelectronic 
devices,[2a,18] we also fabricated flexible ECDs. As shown in 
Figure  3g, we transferred the V2DP film onto the ITO-coated 
polyethylene terephthalate (PET) substrate and utilized another 
blank ITO/PET, and polymer gel as the counter electrode and 
electrolyte, respectively.[2e,19] Benefiting from the intrinsic excel-
lent mechanical stability of V2DP, the reversible EC switching 
under bending was achieved with operating voltages ranging 
from 2.0 to −3.5 V (Figure 3h; Video S2, Supporting Informa-
tion). We then investigated the mechanical bending stability 
of the flexible V2DP ECD while the coloration/bleaching 
transmission spectrum at 550  nm was monitored as a func-
tion of the bending cycles (Figure S22, Supporting Informa-
tion). As shown in Figure  3i, the switching times and CE of 
the device were determined at various bending cycles, indi-
cating stable switching characteristics after 2000 bending 
cycles; no significant variation in switching time and CE was  
observed.

Adv. Mater. 2021, 2106073
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The highly efficient V2DP ECDs offer the opportunity to 
fabricate solar-powered EC systems capable of independent 
and sustainable operations without an external power source, 
thereby minimizing energy consumption in smart green build-
ings. As a proof-of-concept demonstration, we further built a 
solar-powered smart window prototype by vertically integrating 
the V2DP ECD with transparent photovoltaic devices.[1a,2a,20] 
As shown in Figure  4a, UV-selective absorbing TSCs (active 
area, 2.52 cm2) with high photovoltages (TSC1, VOC  = 2.0  V; 
TSC2, VOC = 1.6 V) were used to drive the V2DP ECD.[21] The 
photovoltaic performance of BF-DPB:B4PYMPM (TSC1) and 
α-6T/B4PYMPM (TSC2) systems are shown in Figure  4b,c, 
and Table S5, Supporting Information. Figure  4d details the 
working principles of the combined devices, in which the out-
side TSC converts high-energy photons into electric power to 
regulate the transmission of the V2DP ECD in the visible and 

NIR region. Characterization of the operation of TSC/ECD 
stacks is illustrated in Figure 4e,f. In TSC1/ECD stack, the ECD 
was powered by an operating voltage of 2.0 V under around 1 
sun intensity. When the applied bias between electrodes was 
pulsed at negative 2.0 V, the color of the V2DP ECD automati-
cally switched from yellow to violet. Concurrently, the AVT of 
the stack decreased from 29% to 24%, due to the diminished 
transmission in the range of 480–830 nm (Figure 4g). Applying 
a positive bias drove the V2DP ECD toward its bleached trans-
mittance state, and the corresponding AVT quickly resumed 
to its initial state. Similarly, having TSC2 with a lower VOC 
of 1.6  V instead of TSC1 was less effective at powering ECD 
switching (Figure 4f), thus leading to a decrease in the trans-
mittance contrast at 550 nm (from 7% to 5%) (Figure 4h). Con-
necting TSC2 and a NIR TSC (TSC3) (Figure S23, Supporting 
Information) with a VOC of 0.7  V in series allows accessing 
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Figure 3.  Electrochromic characteristics of the V2DP ECDs. a) Schematic illustration of V2DP ECD. 0.1 m LiCl-based PVA gel was used as the electro-
lyte. b) Photographs of reversible color switching of a V2DP ECD (device size, 2.88 cm2). The device exhibits color switching from yellow to violet and 
further to dark at the reductive potentials from 0 to −2.3 V. By applying reverse potentials from 0.1 to 0.5 V, the device was modulated reversely to the 
initial state. A Keithley 2602 SMU was used to apply voltages to the V2DP ECD and to manipulate its transmission properties. Corresponding transmis-
sion spectra of a V2DP ECD recorded during c) coloration and d) bleaching measurement. e) Coloration/bleaching transmission spectrum at 550 nm 
for an applied voltage of −2.0/1.0 V, from which switching time and CE were calculated. f) CE as a function of coloration time for ECDs assembled 
by V2DP, and previously reported viologen-based materials, and 2D COFs. g) Schematic illustration of a flexible V2DP ECD. h) Images of reversible 
color switching of the bent flexible V2DP ECD at the reductive potentials of −3.0 and −3.5 V, and the oxidative potential of 1.0 and 2.0 V, respectively. 
i) Switching time and CE of a flexible V2DP ECD versus number of applied bending cycles (bending angle, 30°).
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a higher VOC of 2.3  V, which is needed for powering a dark 
state. As shown in Figure S25, Supporting Information, series-
connected TSCs under 1 sun intensity enable to switch the 
V2DP ECD reversibly between yellow and dark states. These 
results demonstrate that the V2DP is a promising material for 
high-performance ECDs that can be vertically integrated with 
TSC to regulate light absorption under sunlight in real-time, 
and thus establishing significant potentials for energy-efficient 
buildings.

3. Conclusion

In conclusion, we demonstrate the highly crystalline viologen-
immobilized 2D polymer film (V2DP) with a high density of 
inherent pores and well-defined channels that enable high uti-
lization of viologen moieties and efficient ion transport. On 
this basis, we fabricated V2DP-based ECDs that exhibit a rapid 
switching speed (coloration, 2.8 s; bleaching, 1.2 s), and a high 
CE (989 cm2 C−1 at 90% of the full switch) and low energy con-
sumption (21.1 µW cm−2). We further demonstrate that their 

pairing with TSCs provides energy-saving EC window systems, 
which enable the realization of the automatically dynamic 
light-adjusting, making them compatible with intelligent man-
agement of the solar spectrum. Our studies pave the way for 
the design and synthesis of electroactive 2DP films for supe-
rior smart windows, and hence expanding the scope for future 
energy-efficient buildings.

4. Experimental Section
Synthesis of V2DP through the Surfactant Monolayer Assisted Interfacial 

Synthesis (SMAIS) Method: 50  mL Milli-Q water was injected into a 
beaker (160 mL, diameter = 12 cm) to form a static air/water interface. 
Then, 20  µL SOS (1  mg mL−1 in chloroform) was spread onto the 
surface. The solvent was allowed to evaporate for 10 min, and then 2 mL 
trifluoromethanesulfonic acid (TfOH) (7.4 µmol) aqueous solution of 1 
(4.8  µmol) was gently added to the subphase using the syringe. After 
30 min, 2 mL aqueous solution of 2 (3.2 µmol) was added successively. 
The reaction mixture was then kept undisturbed at room temperature 
for 6 days. After the polymerization, the synthetic yellow V2DP film was 
deposited onto the substrate by the horizontal dipping method. The 

Adv. Mater. 2021, 2106073

Figure 4.  Performance of self-powered TSC/ECD stacks. a) Device configurations and photographs of TSCs based on BF-DPB:B4PYMPM (TSC1) and 
α-6T/B4PYMPM (TSC2). b) Corresponding external photovoltaic quantum efficiency curves and c) current density–voltage (J–V) characteristics with a 
top Ag electrode of 15 nm. d) Schematic illustration of TSC/ECD stack in a side-by-side geometry, and working principles of light transmission modu-
lation without competition for the same spectral range. Integration of the TSC with V2DP ECD enables to not only automatically switch the device 
between bleached and colored state when the VOC between electrodes was pulsed at either positive or negative, but also intelligently managed the solar 
spectrum, with UV light powering the regulation of visible and NIR light. e,f) Photographs of ECD and wire-connected vertical TSC/ECD stacks whose 
transmission states were manipulated by TSCs under ≈1 sun intensity illumination, and g,h) corresponding transmission spectra. It was observed 
that after combining the V2DP ECD with the TSCs, the total transmission was reduced, but the CIE (x, y) coordinates of the stack shifted closer to the 
reference daylight coordinates (Figure S24, Supporting Information).
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substrate with the V2DP film was dried at 80 °C for 30 min and rinsed 
with flowing ethanol, Milli-Q water, and then dried in N2 flow.

Calculation of the Densities of Built-In Viologen Moieties and Pore 
Channels: The density of built-in viologen moieties can be derived based 
on the following equation:

D
N M

A
A

A T
=v

layer l
f

l

f

� (1)

where DV is the density of viologen moieties, Nlayer is the number of 
layers, Ml is the number of viologen in each lattice, Af is the area of the 
film, Al is the area of every lattice and T is the thickness of the film. 
Nlayer = 40, Ml = 3, Af = 113 cm2, Al = 1.73 × 10−17 m2 and T = 20 nm, giving 
rise to DV ≈ 3.5 × 1026 m−3. In addition, the density of pore channels (Dp) 

can be calculated to be ≈5.8 × 1016 m−2 from the equation of 1
p

l
D

A
= .

General Characterization: Optical microscopy (Zeiss), Atomic force 
microscopy (AFM, NT-MDT), transmission electron microscopy (TEM, 
Zeiss, Libra 200 KV), and scanning electron microscopy (SEM, Zeiss 
Gemini 500) equipped with EDX was used to investigate the morphology 
and structure of the samples. V2DP films were deposited on Si substrate 
for SEM, and on copper grids for TEM characterizations. All optical 
microscopy and AFM images were recorded on a 300-nm SiO2/Si 
substrate.

UV–vis absorption spectra of the polymers were obtained on a 
UV–vis–NIR Spectrophotometer Cary 5000 at room temperature. FTIR 
spectra were collected using Tensor II (Bruker) with an attenuated total 
reflection (ATR) unit. The samples were prepared by depositing the 
2DP films onto a copper foil. X-ray photoelectron spectroscopy (XPS) 
measurements were carried out using an AXIS Ultra DLD system. 
Both surveys and high-resolution spectra were collected using a beam 
diameter of 100 µm. All displayed binding energy values are calibrated 
to the graphitic C1s peak with a value of 284.6  eV. Thin-film Grazing-
incidence wide-angle X-Ray scattering (GIWAXS) data were acquired at 
European Synchrotron Radiation Facility (ESRF). The photon energy was 
10 keV. The focused beam of ≈0.3 × 0.3 mm2 was directed on the sample 
at an incident angle α of 0.15° and 0.30°. 2D diffraction patterns were 
acquired by an X-ray area detector (MarCCD).

Transmission and reflection spectra for ECDs and TSCs were 
measured by Shimadzu solid-spec 3700 spectrometers. To measure 
the transmission spectra of EC devices at different applied voltages in 
Figure  3, the devices were mounted inside the UV–vis spectrometer 
while being wire-connected to an external power source, a Keithley 2600 
SMU. In Figure  4, upon illumination of ≈1 sun intensity, self-powered 
TSC/ECD stacks were tuned to colored states. Since ECDs could stay at 
color states without power supply, during this period the transmission 
spectra of self-powered stacks at colored states were measured. With 
these spectra, optical parameters were calculated.

Electrochemical and In Situ UV Measurement: V2DP film with a 
thickness of approximately 20  nm was transferred onto an ITO/glass 
substrate. A standard three-electrode system was assembled by using 
the prepared V2DP coated ITO/glass as the working electrode, Pt wire 
as the counter electrode, Ag/AgCl (saturated KCl) as the reference 
electrode, LiCl aqueous solution (0.1 m) as the electrolyte. Cyclic 
voltammogram (CV) examined at scan rates of 10–100  mV s−1 was 
carried out based on a CHI 660E electrochemical workstation.

Computer Calculation: V2DP crystal structure was built using Material 
Studio 8.0. To optimize the crystal structure and carry out ground-state 
calculations of V2DP, the density functional theory (DFT) calculation 
was performed, as implemented in Vienna Ab initio Simulation Package 
(VASP).[22] The projector-augmented wave (PAW) method was used to 
model the interactions between ionic cores and valence electrons. The 
Perdew–Burke–Ernzhof (PBE) exchange-correlation potentials were 
employed with an energy cutoff of 520  eV. And Grimme’s dispersion 
(D3) was used for vdW interaction correction.[23] The ionic and electronic 
convergence criteria were set as 10−6 eV and 0.01 eV Å−1, respectively.

The optical absorption of V2DP was calculated using DFT along with 
the random phase approximation (RPA) as following equations:[24]

1 2iε ω ε ω ε ω( ) ( ) ( )= + � (2)

I 2 1ω ω ε ω ε ω( ) ( ) ( )= − � (3)

1 2 2 2ε ω ε ω ε ω( ) ( ) ( )= + � (4)

where ε1(ω) is the real part and ε2(ω) is the imaginary part of the 
complex dielectric function. ε2(ω) is obtained from summation over 
electronic states and ε1(ω) is determined using the Kramers–Kronig 
relationship. I(ω) is the absorption coefficient and |ε(ω)| is the relative 
dielectric constant.

Assembly of Electrochromic Devices (ECDs): ITO glass (thickness of 
ITO ≈ 100 nm; resistance, 20 Ω ▫−1) was cleaned by sequentially washing 
with Milli-Q water, acetone, and isopropanol. Then, the synthesized 
V2DP film with a thickness of 20  nm was transferred from the water 
surface onto the ITO substrate followed by thermal annealing at 80 °C 
for 30 min, and rinsed with flowing ethanol, Milli-Q water, and then dried 
in N2 flow. The polyvinyl alcohol (PVA)/LiCl gel electrolyte was prepared 
by mixing PVA powder (2.0  g) and LiCl (84.8  mg) in 20  mL deionized 
water, and heated at 85 °C until the solution became clear. The prepared 
gel electrolyte was coated on the V2DP film. After that, the V2DP and 
gel-coated ITO was sealed with another ITO substrate with a double-
sided tape spacer. The effective area of ECDs was about 2.88 cm2.

Assembly of the Transparent Solar Cell (TSC)/ECD Stacks: The self-
powered integrated unit was simply designed by fixing TSC on top of 
the ECD with tape and these two devices were connected by wires. The 
fabrication of TSC was as follows. The layers of the small-molecule solar 
cells were thermally evaporated at ultra-high vacuum (base pressure 
<  10−7 mbar) on a glass substrate with a pre-structured ITO contact. 
Glass substrates were cleaned in a multi-step wet process including 
rinsing with N-methyl-2-pyrrolidone, ethanol, and deionized water as 
well as treatment with ultraviolet ozone. All organic materials were 
purified 2–3 times by sublimation. The device area was defined by the 
geometrical overlap of the bottom and the top contact, the active area 
was 2.52 cm2. The device structure of TSC1 was: Glass/ITO (90  nm)/
NDP9 (1  nm)/BPAPF:NDP9 (10 wt% doping, 25  nm)/BPAPF (5  nm)/
BF-DPB:B4PYMPM (1:1 mixing ration, 30 nm)/BPhen (5 nm)/BPhen:Cs 
(1:1 wt% doping, 25  nm)/Ca (1  nm)/Ag (15  nm), and that of TSC2 is: 
Glass/ITO (90  nm)/α-6T (60  nm)/B4PYMPM (10  nm)/BPhen (5  nm)/
BPhen:Cs (1:1 wt% doping, 25nm)/Ca (1 nm)/Ag (15 nm).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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