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One-Dimensional 7—d Conjugated Coordination Polymer for
Electrochromic Energy Storage Device with Exceptionally

High Performance

Guofa Cai, Peng Cui, Wenxiong Shi, Samuel Morris, Shi Nee Lou, Jingwei Chen,
Jing-Hao Ciou, Vinod K Paidi, Kug-Seung Lee, Shuzhou Li, and Pooi See Lee*

The rational design of previously unidentified materials that could realize
excellent electrochemical-controlled optical and charge storage properties
simultaneously, are especially desirable and useful for fabricating smart
multifunctional devices. Here, a facile synthesis of a 1D 7—d conjugated
coordination polymer (Ni-BTA) is reported, consisting of metal (Ni)-containing
nodes and organic linkers (1,2,4,5-benzenetetramine), which could be easily
grown on various substrates via a scalable chemical bath deposition method.
The resulting Ni-BTA film exhibits superior performances for both
electrochromic and energy storage functions, such as large optical

Owing to their aesthetic glazing, excellent
dynamic control, as well as good coloration
memory effect, electrochromic devices are
emerging energy saving technologies for
smart windows, displays, and antiglare au-
tomotive mirrors, etc.'™ Recent reports
have shown that buildings installed with
smart windows can offset as much as
40% energy consumption by reducing cool-
ing, heating, and lighting needs.l>®! More-
over, the dynamic coloration control af-

modulation (61.3%), high coloration efficiency (223.6 cm? C~'), and high
gravimetric capacity (168.1 mAh g='). In particular, the Ni-BTA film can
maintain its electrochemical recharge-ability and electrochromic properties
even after 10 000 electrochemical cycles demonstrating excellent durability.
Moreover, a smart energy storage indicator is demonstrated in which the
energy storage states can be visually recognized in real time. The excellent
electrochromic and charge storage performances of Ni-BTA films present a
great promise for Ni-BTA nanowires to be used as practical electrode
materials in various applications such as electrochromic devices, energy

storage cells, and multifunctional smart windows.

forded by electrochromic smart windows
can protect users’ privacy and offer com-
fortable or aesthetic environment for oc-
cupants. To maximize the utilization of
space in buildings, increasing research fo-
cus has been placed on integrating novel
features and multi-functionalities into elec-
trochromic smart window.”-?! For example,
several pioneer research works have been
made to integrate energy storage and/or
harvesting functionalities into the elec-
trochromic smart window.'*'2) However,
further improvements in energy density,
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coulombic efficiency, cycling, and rate capability are essential
for practical multifunctional smart windows. While both elec-
trochromic and energy storage processes stem from electrochem-
ical redox reactions, which are highly related to the surface area
and electrical conductivity of the active materials, the develop-
ment of high energy density electrochromic materials is gov-
erned by the need for large optical transmittance. Although metal
oxide nanomaterials (such as NiO,[**1 V, 0., WO, [15] MoO,1¢])
and conducting polymers (for instance, polyaniline)[!”! are widely
investigated electrode materials for electrochromic devices to im-
prove surface area or electrical conductivity, respectively, these
properties cannot be achieved concurrently at present. Thus,
there is a tremendous interest in developing new electrochemi-
cal active materials that exhibit both high surface area and electri-
cal conductivity for more effective integration of electrochromic
and energy storage properties. Meanwhile, band gap engineering
has also been considered in the materials design for energy stor-
age and electrochromic devices to tailor the capacity, coulombic
efficiency, redox potential, stability, optical transparency, and so
On.[18—20]

Coordination polymers (CPs), consisting of metal ions or clus-
ters coordinated with organic linkers to form 1D (one dimen-
sional), 2D, or 3D structures, are known for their high porosities,
surface areas, tunable structures, and compositions.[?! Benefit-
ing from these exciting properties and versatility in structure de-
signs at molecular level, CPs have been suggested as promising
candidates for electrochromic or energy storage materials.[22-%7]
However, the poor electrical conductivities of most CPs signifi-
cantly limit the effective utilization of built-in redox centers, re-
sulting in large polarization of redox peaks, small optical modu-
lation, low capacity and rate capability, and poor electrochemical
stability. Recently, two intrinsically conducting CPs have been de-
signed and synthesized with excellent electrical conductivity and
electrochemical stability in electrochemical double layer capaci-
tor (EDLC) and pseudocapacitor.?®! In detail, moderate gravi-
metric capacity of about 30.8 mAh g=! and volumetric capacity
of about 32.8 mAh cm™ were achieved by the EDLC,?®) while
higher gravimetric (59.3 mAh g™') and volumetric (105.5 mAh
cm3) capacities can be realized by the pseudocapacitor.??! These
energy storage performances are comparable or outperform most
of the porous carbon electrodes, yet still inferior to state of the art
energy storage materials. Moreover, there is no report on CPs that
present electrochromic and energy storage properties simultane-
ously until now.

Ni-based materials are of particular interest for deliv-
ering electrochemical activity, especially on energy stor-
age and electrochromic fields. Moreover, Ni-based CPs
usually present high conductivities, for example, Ni,;(2,3,
6,7,10,11-hexaiminotriphenylene), (Ni; (HITP),) and
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Ni-hexaaminobenzene (HAB) exhibit excellent conductivi-
ties of 5000 S m~!%8 and 70 + 15 S m~1,[*! respectively.
Based on these characteristics and advantages, we have syn-
thesized a 1D z-d conjugated coordination polymer (CCP)
with 1,2,4,5-benzenetetramine (BTA) and nickel (Ni) as linkers
and nodes, respectively. Interestingly, the synthesized Ni-BTA
nanowires could be vertically aligned on the substrates. The
delocalization of electronic states on the 1D structure improves
the conductivity of the coordination polymer. Additionally, 1D
vertically aligned structure further facilitates the charge carrier
transportation and increases the density of redox active centers
because of the spaces among the nanowires. Different from
previous CPs of which redox reactions are located on the organic
linkers, the redox reaction of our 1D z—d CCP (Ni-BTA) was
centered on the Ni nodes, exhibiting exceptional electrochemical
properties with applications being envisioned in the fields of
electrochromic and energy storage. After growing onto trans-
parent conductive FTO (fluorine doped tin oxide) glass by a
facile and scalable chemical bath deposition (CBD) method, the
constructed 1D z—d CCP based film presents excellent perfor-
mance on both electrochromic and energy storage applications.
All these performances are on par or surpass the state-of-the-art
energy storage devices based on conductive MOFs and carbon
materials.

The BTA linker coordinates with d® metal species that prefer
planar quadrilateral coordination geometry,*) which leads to the
1D z—d CCP structure (Figure 1a). This ultimately yields ultra-
fine nanowires with diameter and length of ~20 and 280 nm
(Figure 1b,c), respectively. The Ni-BTA nanowires could be uni-
formly grown on the whole surface of an FTO glass and almost
vertically aligned to the substrate (Figure S1, Supporting Infor-
mation). The thickness of the Ni-BTA film is almost the same
with the nanowire length (280 nm, inset of Figure 1b). Moreover,
the 1D Ni-BTA nanowires could be grown onto various substrates
including nickel foam, carbon fiber, and textile (Figure S2, Sup-
porting Information), indicating the universality of the synthe-
sis route. The structure of Ni-BTA nanowire was further inves-
tigated by transmission electron microscopy (TEM) image (Fig-
ure 1d). There are lattice-resolved fringes with spacing between
adjacent lattice planes of 0.215 nm in the high-resolution TEM
image of Ni-BTA nanowire, which confirmed the crystallographic
features of the 1D z—d CCP (inset of Figure 1d). X-ray photoelec-
tron spectroscopy (XPS) of the Ni-BTA film reveals the presence
of N, C, and Ni peaks in the sample while the O, Sn, and Si peaks
stem from the FTO glass substrate (Figure S3a, Supporting In-
formation). The high-resolution Ni 2p spectra display peaks lo-
cated at 854.4, 863.4, 871.7, and 880.7 eV (Figure S3b, Support-
ing Information) that can be attributed to the presence of Ni** in
square planar geometry.?") The high-resolution N 1s spectrum
indicates a single type of N atoms (Figure S3c, Supporting Infor-
mation). XPS analysis proved that the Ni-BTA film is in a neutral
state with absence of charge balance ions such as Cl~ and NH,*.
Powder X-ray diffraction (PXRD) measurement of Ni-BTA dis-
played a semi-crystalline structure with three prominent peaks
at 260 = 20.6°, 23.9°, and 29.3°, as well as some minor peaks at
20 =14.4°,33.8°,40.1°, 44.2°, and 60.1°, which correspond to the
in-plane periodicity and long-range ordered stacking along c-axis
(Figure 1e). To verify the proposed 1D 7z—d conjugated molecu-
lar structure, density functional theory (DFT) calculations were

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. a) Synthesis scheme of Ni-BTA. b) Top view and cross-sectional SEM images of Ni-BTA film on FTO glass (purple color, Ni-BTA; green color,
FTO layer). c) High magnification SEM images of Ni-BTA nanowire. d) TEM images of Ni-BTA nanowire. e) Experimental and simulated XRD patterns
of Ni-BTA nanowire powder. f) X-ray pair distribution function (XPDF) of the Ni-BTA nanowire powder.

conducted. An energetically favored P-type 1D z—d conjugated
coordination polymer with a P1 unit cell with parameters of a =
738 A, b=522A,c=595A, a=9035, f=90.07°, and y =
89.27° was constructed (Figure S4, Supporting Information). The
unit cell parameters were refined against the PXRD data using a
Pawley Fit in TOPAS 6. This yielded a P1 cell of a = 7.388(5) A, b
=5.253(7) A, c=6.055(8) A, @ =91.0(2)°, f=91.1(2)°, y =89.1(1)°
with an R, = 1.92%, which is close to the DFT results, implying
we have obtained the model structure.

While the unit cell could be refined against the PXRD, the
lack of crystalline peaks inhibited a full structural Rietveld re-
finement. To supplement the structural characterization, we
conducted X-ray total scattering experiments at Diamond Light
Source Synchrotron to further elucidate the real-space atomic
structure of the conjugated coordination polymer. An X-ray pair
distribution function (XPDF) of a Ni-BTA sample was obtained
by a Fourier transform of the corrected, weighted, total scattering
diffraction. XPDF is a useful experimental technique for analyz-
ing nanostructured materials as it takes into account both Bragg
and diffuse scattering equally, allowing the user to investigate
short and medium range orders of the sample.?2*}] The XPDF
produced can be thought of as a histogram of interatomic dis-
tances within the sample, by using our DFT model, we were able
to assign experimental peaks at ~1.45, 1.86, 2.73, and 7.7 A (Fig-
ure 1f), to C-C/C-N, Ni-N, Ni-C, and Ni-Ni pair correlations,
respectively. At longer distances, the peaks cannot be easily as-
signed to single inter-atomic distances, because of multiple over-
lapping contributions and correlations of similar distances. Ad-
ditionally, the XPDF shows sharp peaks up to 10 A indicating the
presence of well-ordered coordination units in our 1D z—d CCP.
Moreover, no significant change in the XPDF was observed in 1D
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7—d CCP that was exposed to air for 2 months (Figure S5, Sup-
porting Information), illustrating a good environmental stability
of the 1D CCP that is resistant to atmospheric corrosion. Ther-
mogravimetric analysis (TGA) measurement was performed for
freshly cleaned Ni-BTA powder (Figure S6, Supporting Informa-
tion). The weight loss below 250 °C is attributed to dehydration
of loosely bonded water, indicating the thermodynamic stability
of Ni-BTA up to 250 °C. The fast weight loss in the temperature
range of 260-284 °C is assigned to the combustion of organic
linkers. In the temperature range of 284-375 °C, the sluggish
weight loss is attributed to a combination of weight gain from
the oxidation of Ni nodes into NiO as well as the weight loss
from combustion of organic linkers. When the temperature is
higher than 400 °C, the organic linkers are completely removed
and the Ni nodes are totally transformed to NiO. Moreover, the
weight ratio of Ni in the TGA result is consistent with our pro-
posed chemical formula (NiN,C¢H,). The porosity of Ni-BTA
1D CCP was investigated from the nitrogen sorption/desorption
isotherms measured at 77 K (Figure S7, Supporting Informa-
tion). The Brunauer-Emmett—Teller (BET) specific surface area
was calculated to be 280.4 m2 g=!. Ni-BTA 1D z—d CCP exhibits
a very steep desorption branch, which is a characteristic feature
of H2 loops.I**] The steep desorption branch can be attributed to
pore-blocking/percolation in a narrow range of pore necks, indi-
cating a mesoporous structure, which is in good agreement with
the pore size distribution in a narrow range from 2.5 to 4.7 nm
with a pore volume of 0.3 cm3 g~! (Figure S7b, Supporting Infor-
mation).

Electronic structure and electrical conductivity of the Ni-BTA
1D z—d CCP were further investigated. The electronic absorp-
tion spectroscopy shows a broad absorption from ultraviolet (UV)

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. a) The electronic absorption spectroscopy of Ni-BTA nanowires. b) Conductivity variation with respect to temperature plot. Inset: photograph
of the Ni-BTA nanowire pellet after sputtering gold electrodes symmetrically on the edges.

and visible (Vis) light to near infrared (NIR) region (Figure 2a).
The calculated optical bandgap of Ni-BTA 1D z—d CCP is about
0.62 eV from the onset of the electronic absorption spectroscopy,
which is consistent with the computational studies (Figure S8,
Supporting Information). The narrow bandgap of Ni-BTA 1D 7—
d CCP can be attributed to the strong interaction of the z orbitals
on the radical anionic BTA and the d orbitals of Ni?*, which con-
structs the fully conjugated structure.l* The electrical conductiv-
ity was measured as a function of temperature through the Van
Der Pauw method on a pressed pellet of Ni-BTA nanowires (Fig-
ure 2b). To avoid the interruption of water or other solvents, the
Ni-BTA nanowires were dried in vacuum at 80 °C for 24 h before
measurement. In addition, four tiny gold electrodes were sput-
tered on the four corners of the pellet for contact purpose (inset of
Figure 2b). With numerous inter-grain boundaries and nanome-
ter dimensions, the Ni-BTA nanowire based pellet still delivers
an electrical conductivity of 1.1 x 10™* S m~! at room tempera-
ture. The measured electrical conductivity has a sharp enhance-
ment with increasing temperature, indicating the semiconduc-
tive property of Ni-BTA 1D z—d CCP. There is a 2180 times en-
hancement of the conductivity (2.4 X 10~ S m~?!) when the tem-
perature reached 150 °C. Although the conductivity of Ni-BTA 1D
7—d CCP is lower compared to conductive metal organic frame-
works (MOFs) such as Ni-hexaaminobenzene (70 + 15 S m~1)%’]
and Ni;(2,3,6,7,10,11-hexaiminotriphenylen), (5000 S m~!),[28] it
is much higher than that of recently reported semiconductive
MOF such as Cu-hexahydroxybenzene (7.3 X 107° S m~1)*¢l and
Cu[Ni(pyrazine-2,3-dithiolate),] (1 X 10=% S m~1).3”] The high
electrical conductivity of Ni-BTA can be attributed to the delocal-
ization of electrons in the z—d systems, in which nickel nodes can
mediate efficient conjugation pathways between electroactive or-
ganic linkers.[31:35:38:39]

Encouraged by the large surface area and high conductivity
of Ni-BTA 1D z—d CCP, we envision that the Ni-BTA nanowire
film would possess superior electrochemical and electrochromic
performance simultaneously. To validate the hypothesis, cyclic
voltammetry (CV) was measured using a three-electrode spectro-
electrochemical cell (Ni-BTA nanowires on conductive FTO sub-
strate as a working electrode, Ag/AgCl as a reference electrode,
Pt foil as a counter electrode, and conventional 1 M KOH aque-
ous solution as the electrolyte). The CV curves starting from first
to sixth cycle at 5 and 10 mV s~! were respectively performed to
illustrate the initial electrochemical processes in detail (Figure
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S9, Supporting Information). It can be seen from the CV curves
that the organic linkers and Ni nodes were oxidized at the first
cycle (Figure S9a, Supporting Information). However, the oxi-
dation reaction of the organic linkers is not fully reversible. Af-
ter three scanning cycles at 5 mV s~!, Ni nodes could undergo
reversible oxidation-reduction reactions, thus, the original blue
color almost disappeared. Meanwhile, the redox peak intensities
of Ni nodes increase with increasing scanning cycles, indicating
an activating process for the Ni nodes (Figure S9b, Supporting In-
formation). The original blue color totally disappeared after fifth
cycle at 10 mV s7!, indicating the activation process of Ni nodes
has been accomplished. Then, the Ni-BTA nanowire film showed
reversible color changes between brown color and transparent
state, demonstrating the electrochromic processes occurred con-
currently with the redox reaction. In order to investigate the elec-
trochemical and electrochromic processes simultaneously, the
CV at a scan rate of 10 mV s7! and in situ dynamic transmit-
tance spectra at 500 nm were measured (Figure 3a). Over a po-
tential range of 0 to 0.6 V versus Ag/AgCl, the Ni-BTA nanowires
exhibit one pair of pronounced redox peaks indicating a typical
Faradaic behavior.[*°] The oxidative and reductive peaks at a scan
rate of 10 mV s~! are respectively located at 0.444 and 0.312 V
versus Ag/AgCl, which are consistent with the Ni**/Ni** redox
couple observed in NiO and Ni(OH), films,[*'#] indicating the
redox reaction was occurring at the nickel nodes of the Ni-BTA
1D z—d CCP. In situ optical spectrum of the Ni-BTA nanowire
film revealed that the transmittance at 500 nm was dynamically
reduced when the potential was increased from 0 to 0.6 V versus
Ag/AgCl, and the transmittance was recovered to around the ini-
tial value when the potential was reversed back from 0.6 to 0 V
versus Ag/AgCl (blue dot line in Figure 3a). Additionally, with
increasing sweep rate from 5 to 100 mV s™', the current subse-
quently increases and the voltage separation between oxidative
and reductive peaks widens due to an increased internal resis-
tance of the electrode. However, the sharp redox reaction peaks
are still maintained even at a high scan rate of 100 mV s~! (Figure
S10, Supporting Information), suggesting a fast charge transfer
and low internal resistance in the Ni-BTA nanowire film. More-
over, the pronounced symmetric redox peaks illustrate an excel-
lent electrochemical reversibility of the Ni-BTA nanowire film.
We further investigated the electrochromic properties of the
Ni-BTA nanowire film by measuring the broadband trans-
mittance spectra from 300 to 1100 nm for initial, colored,

© 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

a —u Cyclic voltammograms at 10 mV s 7 Tow b 100
o~ 0BF = In situ transmittance at 500 nm
E = ~ B0
o o~ \e
< 04f e -
2 22 eof
By 021 o R + Initial state
g E g a0l +  Bleached state
5 Lof g g - colored state
: i
0.2
a 40 20
04F | i i i 0 . L L - -
0.0 02 0.4 0.6 400 600 800 1000 Initial  Bleached Colored
Potential / V (vs. Ag/AgCl) Wavelength / nm
C_L1.s- 1AM 1.5G e 100 f®=
E —— Initial state - 223.6 cm
2 —— Bleached state e St
E1.2 Colored state |
z = 04
S5 § -
Zos £60 o3t
g g <
'g o
= g 02}
=04 Fao
§_ 01}
A
0.0 . e oy N 20 | N n | 0.0 L i L L L i I
600 800 1000 0 50 100 150 200 0 5 10 15 20 25 30 35
Wavelength / nm Time / sec Charge density / mC cm™2

Figure 3. a) Cyclic voltammograms and in situ transmittance at 500 nm of Ni-BTA nanowire film in 1 M KOH electrolyte at a scan rate of 10 mV s~ in
the potential range of 0-0.6 V versus Ag/AgCl. b) Transmittance spectra of Ni-BTA nanowire film in the initial, bleached (0 V vs Ag/AgCl) and colored
(0.6 V vs Ag/AgCl) states between the wavelength region of 300-1100 nm. c) Photographs of Ni-BTA nanowire film in the initial, bleached, and colored
states. d) Solar irradiance spectra converted from the measured transmittance spectra of Ni-BTA nanowire film. e) In situ optical responses of the film
with size of 4 cm? under the applied potential square-wave of 0 and 0.6 V versus Ag/AgCl for Ni-BTA nanowire film for 60 s per step test at 500 nm.
f) Optical density as a function of the charge density during coloring process at 500 nm.

and bleached states, respectively (Figure 3b). The blue Ni-BTA
nanowire film in the initial state is opaque in the broad visi-
ble (Vis) light to near infrared (NIR) regions, hence blocking
most of the transmittance in the wavelength region from 450
to 1000 nm. After applying a potential of 0.6 V versus Ag/AgCl
on the Ni-BTA nanowire film, the film became transparent in
the NIR region, but it is still opaque (colored state) in the ul-
traviolet (UV) and most Vis light regions (from 300 to 680 nm).
When the applied potential was changed to 0 V versus Ag/AgCl,
the Ni-BTA nanowire film turned transparent (bleached state) in
the broad UV-Vis—NIR regions. Thus, this electrochemical reac-
tion controlled state transformation could deliver an intriguing
electrochromic phenomenon, with tunable transmittance cover-
ing the entire visible-light and partial UV and NIR (three bands)
regions. The optical modulation (AT = T, — T, where T, and
T. denote the transmittance at the bleached and colored states,
respectively) of 61.3% was observed at 500 nm, which is better
or comparable than that of the conductive polymer thin films
(<45%).143*4] The uniform color distribution and obvious color
changes were also recorded by capturing the digital photographs
in each state (Figure 3c). We further studied the solar irradiation
modulation of the Ni-BTA nanowire film by converting the op-
tical transmittance spectra to the solar irradiance transmittance
in the 300-1100 nm region (Figure 3d). It was shown that our
Ni-BTA nanowire film can selectively modulate the dominating
solar irradiance spectra. The Ni-BTA nanowire film in the ini-
tial state blocks most of the solar energy in a broadband region.
Note that 68.3%, 65.9%, and 90.4% of solar irradiance at 350,
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500, and 900 nm were blocked by blue Ni-BTA nanowire film.
When the Ni-BTA nanowire film was switched to the bleached
state, it is almost transparent to the solar irradiance spectrum,
only 24.98%, 10.01%, and 7.14% of solar irradiance at 350, 500,
and 900 nm were blocked, respectively. On switching the Ni-BTA
nanowire film to the colored state, most of the solar irradiance
in UV and Vis regions were blocked, but a large proportion of
the solar heat in the NIR region can pass through the sample. At
this state, 75.00% and 71.30% of the solar irradiance at 350 and
500 nm were blocked, while only 14.78% of solar heat at 900 nm
was blocked. Undoubtedly, this phenomenon is very promising
in smart window applications. For example, the initial state of the
film with blue color can simultaneously protect the occupant’s
privacy and reduce energy consumption of the building by re-
sisting heat transmission from summer heat. On the other hand,
during the bleached state, the high transmittance of the film to
solar irradiance permits both sunlight and solar heat transmis-
sion, which effectively reduce the energy consumption from the
needs for heating and lighting in winter. The occupants can also
selectively modulate the coloration intensity of the smart window
to protect their privacy while conserving energy costs for light-
ing and heating. By applying a square-wave potential between
0 and 0.6 V versus Ag/AgCl to the Ni-BTA nanowire film, the
corresponding alternating current (Figure S11, Supporting In-
formation) and in situ transmittance spectra (Figure 3e) can be
obtained. The switching speed (time required to reach 90% of
its full optical modulation) can be calculated from the in situ
transmittance spectrum, which is t. = 1.8 s and #, = 5 s for

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. a) Raman spectra of Ni-BTA nanowires in initial, colored, and bleached states. b) FTIR spectra of Ni-BTA nanowires in initial, colored, and
bleached states. c) Ni K edge XANES of Ni foil and Ni-BTA nanowires in initial, third colored and bleached states and d) XANES of Ni-BTA nanowires in
third colored state presented with the Ni3* standard (Ni,O;) as discussed in the text.

coloring and bleaching processes, respectively. The switching
times are comparable with the MOF-derived hierarchical-porous
NiO films,®! and much faster than that of the poly(3,3'
dimethyl-2,2’-bithiophenyl) (PMe,T,)-tin doped indium oxide
(ITO) nanoparticles composites.l**! Optical memory is one of the
most important parameters for electrochromic material, which
refers to the transmittance change at open circuit. To evaluate
the optical memory of the Ni-BTA nanowire film, the colored film
was left in air without applied voltage and the transmittance was
measured in real time (Figure S12, Supporting Information). The
transmittance degrades <16% after 2000 s, indicating a satisfac-
tory optical memory of the Ni-BTA nanowire film. Coloration ef-
ficiency (CE), one of the key figure of merits of electrochromic
materials, can be defined as the optical density (OD) changes per
unit charge density (Q/A) inserted into/extracted out from the
electrochromic materials during switching. CE can be calculated
based on following equation:

CE (4) = AOD/AQ/A =log (T,/T.) /AQ/A
where T, and T, are the transmittance of the Ni-BTA nanowire
film in bleached and colored states, respectively. Therefore, the

CEs calculated from the slope of the linear fit region in OD at
500 nm versus Q/A plots is 223.6 cm? C! for the coloration
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process (Figure 3f). The CE value of coloration process is much
higher than recently reported NiO“®) and Ni(OH),*’! and most
of the previous reported metal oxide electrochromic materials,
which is usually <100 cm? C~! in visible range.l**-5!] The trans-
mittance changes versus cycle numbers at 500 nm were further
measured to evaluate the electrochromic durability of Ni-BTA
nanowire film (Figure S13, Supporting Information). The Ni-BTA
nanowire film sustained the optical modulation of about 90.8%,
86.3%, and 67.9% of their initial value after subjected for 1000,
5000, and 10 000 cycles, respectively, illustrating the excellent
electrochromic durability.

To elucidate the electrochromic mechanism, Raman and in-
frared spectra measurements of the Ni-BTA nanowire film in dif-
ferent states were conducted (Figure 4a,b). At initial state (blue
color), two strong peaks located at 1461.1 and 1518.4 cm™ in Ra-
man spectra could be assigned to the skeleton vibration of ben-
zene. The peaks at 1209.7 and 621.7 cm™ correspond to the C-N
stretching mode and Ni-N stretching mode, respectively, which
are the characteristic peaks of the Ni-BTA 1D z—d CCP (Fig-
ure 4a).’?) The band at 1089.1 cm™! is attributed to the FTO
substrate. While applying a potential of 0.6 V versus Ag/AgCl,
the film changed to brown color. At this state, two distinct
peaks around 475.1 and 568.3 cm™! appeared, which can be at-
tributed to Ni** bond vibrations.[**! The intensity of the skeleton

© 2020 The Authors. Published by Wiley-VCH GmbH
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vibration of benzene was reduced when the film was changed
to colored state, and these characteristic peaks were also slightly
blue shifted, which can be attributed to the transformations of
benzenoid structure to quinonoid structure. In addition, when
the potential was swept back to bleached state by applying 0 V
(versus Ag/AgCl), the peaks at 621.7 and 1209.7 cm™! corre-
sponding to Ni?*-N and associated C-N stretching modes reap-
peared, respectively, while the peaks at 475.1 and 568.3 cm™ cor-
responding to Ni** were reduced. The results imply Ni** was oxi-
dized to Ni** on coloring and Ni** reduction to Ni** on bleaching
processes, which is consistent with previously reported NiOI*3]
and Ni(OH),,[*’] thereby, suggesting that the electrochromic re-
dox reaction mainly occurs on Ni nodes. The skeleton vibration
peaks of benzene also recovered partly in the bleached state.
The mechanism was further investigated by FTIR measurements
(Figure 4b). For the fresh sample, the group of bands in the re-
gion of 1470-1540 cm™! can be attributed to mixed C-C stretch-
ing and C-H and N-H bending vibrations. The band located at
1580 cm™! is related to the C=C stretching vibration in benzene
ring. The band at 1336 cm™ is ascribed to the stretching mode of
N-H. The strong peak around 1187 cm™ is assigned to the C-N
stretching vibration. The band located at 716 cm™ corresponds to
the coordinated Ni-N stretching vibration. The band at 812 cm™!
is a well-known out-of-plane vibration in para disubstituted ben-
zene. The peak at 1629 cm™! is due to the bending mode of water
molecules. After applying potential of 0.6 and 0 V versus Ag/AgCl
to convert the film to colored and bleached states, respectively, the
group of bands within the region of 1470-1540 cm™! are changed
to narrow bands centered at 1504 cm ™' and the band around 1580
cm~! almost disappeared, indicating most of the benzenoid rings
were transformed to quinonoid rings. Ni K-edge X-ray absorp-
tion spectroscopy measurements were also performed on the Ni-
BTA samples to identify the oxidation state and local structure of
Ni nodes. The normalized X-ray absorption near edge structure
(XANES) spectra of Ni-BTA nanowire film in the initial and 3rd
cycle colored and bleached states are shown in Figure 4c. The
XANES spectrum of the initial Ni-BTA film presents a shoulder
peak at 8340 eV, which can be ascribed to Ni(II) in a low spin
square planar configuration,!*>* as shown in Figure 1a. Interest-
ingly, in the colored state, the absorption peak at 8340 eV is absent
evidencing that the oxidation state of Ni is significantly differ-
ent. Additionally, in the colored state, the intensity of the 8352 eV
peak is increased compared to the initial Ni-BTA sample suggest-
ing that the Ni(II) nodes were oxidized to Ni(III). To further con-
firm the absorption peak at 8352 eV is attributed to Ni(III) ox-
idation state, the XANES spectrum of the third colored sample
was compared with that of a Ni(III) standard (Ni,O,) (Figure 4d).
The XANES spectrum of the third colored sample was similar to
that of the Ni(III) standard. This indicates the Ni (II) nodes of the
Ni-BTA nanowires were oxidized to Ni** on coloration, which is
consistent with the Raman (Figure 4a) and infrared spectra (Fig-
ure 4b). On bleaching, the XANES spectrum of the third bleached
state shows a reappearance of the absorption peak at 8340 eV,
which was ascribed to Ni(II) with a low spin square planar geom-
etry as aforementioned, while concurrently, the absorption peak
intensity at 8532 eV that is associated with Ni(III) decreased. This
implies the Ni(III) nodes of the colored samples were reduced to
Ni(II) on bleaching, which is also consistent with the findings
from Raman (Figure 4a) and infrared (Figure 4b) spectra. More-
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over, the Ni K-edge XANES spectra of Ni-BTA nanowire films
after the eighth colored and bleached cycles (as shown in Fig-
ure S14, Supporting Information) demonstrate similar reversible
changes in the Ni(II) and Ni(III) absorption peaks at 8340 and
8532 eV, respectively. On a whole, the partial restoration of the
Ni(II) low spin square configuration on repeated bleaching and
coloring indicate that the coloration and bleaching products of
Ni-BTA possess significant structural stability. We have also per-
formed extended X-ray absorption fine structure (EXAFS) mea-
surements on the initial, colored, and bleached Ni-BTA samples
to further elucidate the local structure of Ni. The EXAFS spec-
trum of the initial Ni-BTA sample modelled by P1 space group,
as shown in Figure S15, Supporting Information, demonstrates
four Ni-N at ~1.8 A and four Ni-C at ~2.7 A; which are in good
agreement with the XRD, XPDF, and DFT results. The EXAFS fit
parameters of the initial NI-BTA sample are shown in Table S1,
Supporting Information. It is important to note that while EX-
AFS measurements of the colored and bleached samples could
provide Ni atomic distances situated in the Ni-BTA colored and
bleached products, we found that these EXAFS measurements
offer low reliability owing to the gradual de-colorization change
of the colored samples on exposure to air during measurements.

We further carried out quantitative analyses of the energy stor-
age performance of the Ni-BTA nanowire film on FTO glass in
the same electrolyte showing battery-like energy storage behav-
iors. Even on the transparent FTO substrate with moderate con-
ductivity (about 10 Q sq~!) and in the water based electrolyte (1 m
KOH), the gravimetric and volumetric capacities of our Ni-BTA
film can achieve up to 168.1 mAh g~! and 129.2 mAh cm™ at
current densities of 1.7 A g7! and 1.28 A cm™3, respectively (Fig-
ure 5a and Figure S16a, Supporting Information). The gravimet-
ric capacity is 2.8 and 5.5 times higher than that of the recently
reported conductive CCPs (30.8 and 59.3 mAh g~! at current den-
sity of 0.05 A g~! and scan rate of 0.2 mV s7!, respectively).!?8-2]
In addition, this Ni-BTA nanowire film on FTO substrate exhib-
ited an areal capacity of 3.36 pAh cm™ at a current density of
0.033 mA cm~ with a high transmittance of 90% at 500 nm (Fig-
ure S16b, Supporting Information). Moreover, Ni-BTA nanowire
film also presented excellent rate capability, high gravimetric (125
mAh g™'), volumetric (96.2 mAh cm™), and areal capacities (2.5
pAh cm™2) could be retained even when the current density was
increased 10 times t0 16.7 A g7!, 12.8 Acm =3, and 0.3 mA cm™2,
respectively. (Figure 5a,b and Figure S16, Supporting Informa-
tion). Our Ni-BTA nanowire film delivers a gravimetric energy
density of 37.5 Wh kg! and a volumetric energy density of 28.8
mWh cm~3 at high power density of 5 kW kg~! and 3.85 W cm~3,
respectively (Figure S17, Supporting Information). These energy
storage and electrochromic performances achieved by Ni-BTA
nanowire film are superior to other materials (Table S2, Support-
ing Information). During these tests, the energy storage and elec-
trochromic behaviors of the Ni-BTA nanowire film came from the
same electrochemical redox reaction (operating within 0-0.6 V
vs Ag/AgCl for electrochromic tests, 0-0.5V vs Ag/AgCl for en-
ergy storage tests) within the same electrolyte system. Therefore,
it is very interesting to integrate both energy storage and elec-
trochromic functions into a single device to develop an energy
storage indicator from which the level of stored energy can be rec-
ognized visually by the color changes. In order to illustrate this
interesting and useful concept, the charge-discharge curves and

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. a) Galvanostatic charge/discharge profiles for Ni-BTA nanowire film under different currents density in the potential range of 0-0.5 V ver-
sus Ag/AgCl (ranging from 1.7 to 16.7 A g~"). b) Gravimetric capacity of Ni-BTA nanowire film as a function of the current density. c) Galvanostatic
charge/discharge curve of Ni-BTA nanowire film at a current density of 1.7 A g~! and the corresponding optical responses spectra at 500 nm. d) Trans-
mittance spectra of Ni-BTA nanowire film after 10 000 charge—discharge cycles between 0 and 0.5 V (black line, bleached state; red line, colored state;
inset: photographs of the Ni-BTA film at bleached state and colored state, respectively).

corresponding in situ transmittance at 500 nm were measured
(Figure 5c). During the charging process, the Ni(II) nodes are ox-
idized to a higher valence state of Ni(III), the color of the film is
changed from transparent to brown. When the Ni-BTA nanowire
film is charged to a potential of 0.5 V versus Ag/AgCl at a current
density of 1.7 A g1, it reached a fully charged state, the color of
the Ni-BTA nanowire film turns to dark brown. In the reverse
process, the oxidized Ni(III) nodes are reduced Ni(II), which is
accompanied by the fading brown color and the film recovered
to transparent when the discharge process is completed at a po-
tential of 0 V versus Ag/AgCl. One-to-one correspondence be-
tween the transmittance and the storage level was observed for
the Ni-BTA nanowire film. Therefore, different storage states of
the device can be predictable by the dynamic noticeable color
variation. Even at high current densities of 4.2 and 8.3 A g7,
sufficient color switching is achieved by the Ni-BTA nanowire
film on FTO glass (Figure S18, Supporting Information), illus-
trating the superior charge carrier transport capability of Ni-BTA
nanowire film. Moreover, in this single bi-functional device, the
consumed electrical energy of the electrochromic device can be
fully reutilized, which is a promising strategy for energy sav-
ings. Furthermore, the energy storage and electrochromic per-
formances are well preserved with electrochemical cycling test,
in which almost 100% coulombic efficiency was kept up to 10 000
galvanostatic charge—discharge cycles; 89% and 51.4% of capac-
ity was maintained after 1000 and 10 000 galvanostatic charge—
discharge cycles measured at a relatively high current density
(12.5 A g1; Figure S19, Supporting Information). The optical
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modulation retains 66.4% at 500 nm when comparing the op-
tical contrast before and after the 10 000 galvanostatic charge—
discharge cycles (Figure 5d). In order to demonstrate the degra-
dation mechanism of the Ni-BTA nanowire film during the elec-
trochemical cycling, the electrochemical impedance and IR drop
during galvanostatic charge/discharge were measured (Figure
S20, Supporting Information). The high-frequency region of elec-
trochemical impedance spectroscopy and IR drop in discharge
curves are characteristics of internal resistance, which consists
of the resistance of the electrode—electrolyte interface, the separa-
tor, and the electrical contacts. The low frequency region of elec-
trochemical impedance spectrum is associated with the charge-
transfer resistance related to ion interfacial transfer, coupled with
a double-layer capacitance at the interface. Apparently, the inter-
nal resistance slightly increased after 1000 galvanostatic charge—
discharge cycles, and then remained almost unchanged even
upon extending the galvanostatic charge/discharge up to 10 000
cycles. However, the charge-transfer resistance increased dis-
tinctly with increasing number of galvanostatic charge—discharge
cycles. Therefore, we could conclude that the degradation of the
Ni-BTA nanowire film during the galvanostatic charge—discharge
cycling is mainly caused by increased charge-transfer resistance.

We further explored a solid-state electrochromic device based
on Ni-BTA nanowires film, sprayed TiO, nanoparticles film,
and KOH/polyvinyl alcohol (PVA) as the electrochromic layer,
the ion storage layer, and the solid electrolyte, respectively
(Figure 6a). The solid-state electrochromic device presented sim-
ilar electrochromic process with the Ni-BTA nanowires film as

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. a) Configuration of the solid-state device assembled by Ni-BTA nanowires film as the electrochromic layer, sprayed TiO, nanoparticles film as
the ion storage layer, and KOH/PVA as the solid electrolyte. b) Transmittance spectra of the solid-state device in the initial, bleached, and colored states
between the wavelength region of 300 and 900 nm. c) Current response of the solid-state device when applied the voltage range of between 0 and 1.5 V
for 30 s per step. d) Corresponding in situ transmittance responses for 30 s per step measured at 500 nm. e) Optical density as a function of the charge
density during coloring process at 500 nm. f) Transmittance changes at 500 nm of the solid-state device in the colored and bleached states after power

off for 2400 s.

TiO, is optical passive electrode material. After being activated
by CV (Figure S21, Supporting Information), the solid-state de-
vice exhibited high gravimetric and areal capacities of 125.2 mAh
g7! and 98 mAh m™? (calculated based on the CV curve), re-
spectively. In addition, our solid-state device achieved large op-
tical modulation in a broad visible light range and the value at
550 nm achieved up to 58% (Figure 6b). Moreover, fast switch-
ing speed (4 s /13.2 s, Figure 6d) and high CE (148 cm? C1,
Figure 6e) were achieved for coloring and bleaching processes,
respectively. Furthermore, the solid-state device has a good bista-
bility as the transmittance change <10% even open circuit for
2400 s at both colored and bleached states (Figure 6f). These su-
perior performances are attributed to the vertically aligned su-
perfine 1D nanowire array structure, high porosity, and the rela-
tive high conductivity of the Ni-BTA nanowire as well as the good
charge balance and storage capability of TiO, in the device. The
1D nanowire array structure and porosity enable abundant ac-
tive sites for electrolyte and ions. The intrinsic narrow bandgap
of the Ni-BTA nanowires provides sufficient conductive pathways
for the electrons transport within the electrode.

We have developed a novel 1D CCP film based on the BTA or-
ganic linkers and Ni nodes via a facile CBD method. The CCP
film exhibited an excellent electrochromic and energy storage
performances even on transparent conductive FTO glass, includ-
ing large optical modulation up to 61.3% at 500 nm, high CE
(223.6 cm? C7'), high gravimetric (168.1 mAh g~') and volumet-
ric (129.2 mAh cm™) capacities as well as the long-term electro-
chemical stability (>10 000 cycles) in aqueous electrolytes. Addi-
tionally, a smart energy storage indicator electrode was illustrated
in which different storage states can be visually recognized in
real time. To the best of our knowledge, this is the first report of
CCP material, which synchronously exhibit both electrochromic
and energy storage functions. Ultimately, a solid-state device with
excellent electrochromic and energy storage performance based
on Ni-BTA nanowires film, sprayed TiO, nanoparticles film and
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KOH]/ polyvinyl alcohol (PVA) respectively as the electrochromic
layer, ion storage layer, the solid electrolyte was successfully as-
sembled. Besides the electrochromic and energy storage applica-
tions, it is envisioned that this material will find broad applica-
tions in catalysis, sensing, and electronics.

Supporting Information

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