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Highlights

® The redox and coloration mechanisms of different MOFs are reported.
® (Co’" doping into Cu-TCA for substitution of Cu?" was firstly reported.

® The Co/Cu-TCA film exhibits high optical modulation and coloration efficiency.
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Abstract

Electrochromism is attractive due to the increasing demand for intelligent devices such as
smart windows and display apparatuses. Metal-organic frameworks (MOFs) are found to be
promising electrochromic materials thanks to their tailorable structures and chemical
compositions via combining various metal centers and organic ligands. However, the
uncovered redox mechanism, the insulating and inactive redox nature for majority of MOFs
have hampered their practical application as efficient electrochromic materials. Herein, four
MOF thin films (Cu-TCA, Zn-TCA, HKUST-1 and Zn-MOF-74) constructing from redox-
active/inactive metal centers and organic ligands were prepared, and their electrochromic
performance in a Li-ion-conducting electrolyte was present. We demonstrate that redox-active
metal centers and organic ligands in MOFs contribute to the reversible and sustainable optical
modulation. A further investigation was carried out to dope redox-active metal center Co®"
into the Cu-TCA thin film, serving as the second metal center. Unambiguous evidence shows
that Co?" doping can enlarge the specific surface area and pore volume of Cu-TCA to
facilitate the transport and intercalation/deintercalation of ions and electrons, resulting in the
enhanced transmittance modulation (70% at 705 nm) and coloration efficiency (337 cm?-C ™ !).
Our work provides an important approach and guidance in designing efficient MOFs for

electrochromic application.

Keywords: Electrochromism, Metal-organic frameworks, Bi-metal centers, Redox-active,

Co/Cu-TCA thin film
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1. Introduction

The rapid development of intelligent optoelectronic devices has triggered an upsurge of
researches. Their optical properties can be varied synchronously with the electrochemical
signal, and vice versa. Thus, the electrochemical signal applied on the optoelectronic
materials can be visually judged by their optical performance [1]. The change in appearance
color in response to outer stimuli, also known as chromogenic behavior, is well suit to the
concept of intelligent technology. It includes -electrochromism, thermochromism,
photochromism and gasochromism, and has been proposed and extensively investigated in
recent decades [2-5]. Among these, electrochromism is more maneuverable and has been
commercialized due to its superior performance. Electrochromism refers to a phenomenon
whereby a material reversibly and persistently changes its optical properties (transmittance,
reflectance, and absorbance) via redox reactions resulting from intercalation/deintercalation of
ions and electrons by applying a small electric signal, and has been widely used in smart
windows, dimming mirrors, displays and camouflage objects [6, 7]. Decades of research
investigating electrochromism have led to significant progress in this field, various types of
electrochromic (EC) materials including transition metal oxides [8-10], coordination
compounds [11], small organic molecules [12] and conducting polymers [13] have been
developed. However, for the former two types, the range of available colors and brightness
are limited, while the latter twos suffer from low UV protection index and electrochemical
stability. To improve the performance of the known EC materials, morphology and
nanostructure are generally modified by constructing more pores and channels to expose
larger surface areas, thus creating more active sites for redox reactions. Such approaches can
enhance transition efficiencies and reaction rates of ions and electrons, leading to fast
response, high coloration efficiency and long-term durability [14-16]. Wang et al. reported

MOF-derived NiO@C films with a hierarchical-porous structure through two-step pyrolysis,
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which showed a rapid color switch between transparent and brown, high coloration efficiency
(113.5 ecm?C") at 550 nm and ultra-stable EC cycles [17]. However, the complicated
methods for surface/structure engineering and the cost incurred have hampered their

applications.

The recent development of versatile metal-organic frameworks (MOFs) provides an intriguing
opportunity for the study of their applications in electrochromism [18, 19] (Fig. 1a). MOFs, a
new class of porous crystalline materials, are constructed from metal centers and organic
ligands with unique microporous structure, large specific surface area, and tunable redox-
active sites [20]. MOFs are ideal for electrode materials due to their tailorable structures at the
molecular level and small volume change during the electrochemical reactions. D’ Alessandro
et al. demonstrated a new potential through-space mechanism for charge transfer in MOFs,
providing theoretical support to promote the application of MOFs in redox reactions [21].
Wang et al. fabricated Ni-CHNDI MOF thin films with a big channel size (~ 33 A), exhibiting
high optical contrast (73%), high coloration efficiency (260 cm?-C ') at 720 nm and good
electrochemical stability in the Na'-based electrolyte [22]. Moreover, the type of redox-
active/inactive metal centers and organic ligands in MOFs regulate the redox activity, specific
surface area and pore structure, thus affecting the diffusion and intercalation/deintercalation
of ions in the electrolyte and the transition of electrons. Therefore, rational selection of redox-
active/inactive metal centers and organic ligands for MOFs are significant. Two strategies are
commonly used to improve the pore structure of MOFs. The first one is to incorporate ligands
with longer chains, or alter sidechain substitutions. However, it relies on organic synthesis
and modification of the ligands, and the resulting MOFs’ pores are not large enough [23]. The
second one is to incorporate other metal ions, which was proved to be a feasible approach [24].
Therefore, an important frontier in MOFs used as electrode materials is the rational design of

the composition and structure by using different metal centers and organic ligands. Various
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metal centers (Cu, Zn, Ni, etc.) and organic ligands (2,5-dihydroxyterephalic acid (Hsdobdc),
4,4' 4"-tricarboxytriphenylamine (H3TCA), 1,3,5-ben-zenetricarboxylic acid (H3BTC), etc.)
have been successfully adopted for constructing MOFs [25-30] (Fig. 1b). It is suggested that
the MOFs containing redox-active organic ligands exhibit EC performance [31, 32]. Recent
work of Issam Mjejri et.al has pointed out that metal centers can also have a positive impact
on the EC properties of MOFs [33]. Therefore, in order to promote the EC performance of
MOFs, it is necessary to investigate the combined effect of metal centers and organic ligands,
their microporous structures and specific surface area, which determine the transport and

intercalation/deintercalation rate of ions and electrons during the EC process.

Herein, EC processes of five MOFs comprising of redox active/inactive metal centers and
organic ligands in the Li*-based electrolyte were given. The coloration mechanism of four
MOF thin films during EC process was first studied, they are (i) Cu-TCA containing the
redox-active metal center Cu(Il) and organic ligand TCA®™ , (ii) Zn-TCA containing the
redox-inactive metal center Zn(Il) and the redox-active organic ligand TCA*", (iii) HKUST-1
containing the redox-active metal center Cu(II) and the redox-inactive organic ligand BTC*",
and (iv) Zn-MOF-74 containing the redox-inactive metal center Zn(Il) and organic ligand
dobdc*". A further study of Co/Cu-TCA with enhanced EC performance was also presented,
the redox-active metal center Co(II) was doped into Cu-TCA to increase the specific surface

area and pore volume, and the electrochemical activity of Co(Il) doping was highlighted.
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(a)

Coloring

Fig. 1. (a) Schematic illustration of the MOFs-based EC smart window, (b) examples of redox

active and inactive metal centers and organic ligands forming MOFs.

2. Experimental section

2.1. Reagents and chemicals

Potassium sulfate (K2SO4, 99.0%), trisodium citrate dihydrate (CsHsNa3;O7-2H20, 99.0%), N,
N-dimethyl for mamide (C3H7NO, 99.9%), sodium sulfate anhydrous (NaSOs, 99.0%),
sodium hydroxide (NaOH, 96.0%), sodium lauryl sulfate (Ci2H25SO4Na, 97.0%), hexane
(CH3(CH2)4CHs, 97.0%) and cobalt chloride hexahydrate (CoCly-6H2O, 99.0%) were
purchased from Guangdong Guanghua sci-Tech Co., Ltd. 4,4',4"-tricarboxytriphenylamine
(C21H15sNOg, 98.0%) and tetrabutylammonium perchlorate (CisH3sCINOs, 98.0%) were
purchased from Sigma-Aldrich. Copper(Il) sulfate anhydrous (CuSOs, 99.0%), ethanol
(C2H50H, 99.5%), acetone (CsHsO, 99.5%), lithium perchlorate (LiClOs, 95.0%) and
propylene carbonate (C4HsO3, 99.7%) were purchased from Sinopharm Chemical Reagent
Co., Ltd. HKUST-1 and Zn-MOF-74 were purchased from Xi’an Ruixi Biological
Technology Co., Ltd. Conductive indium tin oxide (ITO)-coated glass substrates with a
resistance of 6 Q-sq! were obtained from Advent South China Xiang Science and

Technology. All chemicals were used without any further purification.
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2.2. Preparation of the MOF thin films

ITO-coated glass substrates were ultrasonically cleaned in acetone, ethanol, and distilled
water for 15 min each and dried in a vacuum oven for further use. Cu-TCA, Zn-TCA, and
Co/Cu-TCA thin films were prepared at room temperature using a Chenhua CHI760E
electrochemical workstation with a conventional three-electrode system. The ITO-coated
glass, Ag/AgCl and a platinum sheet were used as working electrode, reference electrode and
counter electrode, respectively. Cu-TCA, Zn-TCA, and Co/Cu-TCA thin films were
synthesized via electrodeposition followed by electro-oxidation. The schematic illustration of

electrodeposition and electro-oxidation processes of MOFs thin films was shown in Fig. S1.

Cu-TCA thin film: The first step was the electrodeposition of the Cu template by applying
—0.5 V for 600 s, the electrolyte was composed of 0.005 M CuSOs and 0.1 M K>SO4. The
second step was the electro-oxidation of the Cu template by applying 1.2 V for 600 s, where
0.005 M Ci6H36CINO4 and 0.00125 M C»1H1sNOg were used as the supporting electrolyte and

linking agent in a mixture of DMF and deionized water with a volume ratio of 2:1 [34].

Zn-TCA thin film: The first step was the electrodeposition of the Zn template by applying
—1.0 V for 800 s, the electrolyte was 0.1 M Zn(NOs3)2-6H>O [35]. The second step was the
electro-oxidation of the Zn template by applying 1.2 V for 600 s, the electrolyte was the same

as that of Cu-TCA.

Co/Cu-TCA thin film: The first step was the electrodeposition of Co/Cu template by applying
a constant current of 0.48 mA-cm 2 for 800 s, the electrolyte was a mixture of 0.12 M
CoClz-6H20, 0.036 M CuSOs, 0.258 M NazCsHs07-2H20 and 0.017 M Na»SOs in deionized
water. The pH of the electrolyte was adjusted to 6 by adding 3 M NaOH. The second step was
the electro-oxidation of the Co/Cu template by applying 0.8 V for 1000 s, the electrolyte was

the same as that of Cu-TCA. The current density evolution, optical transmittance and SEM
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images of the Co/Cu-TCA thin film during the electro-oxidation process are shown in Fig. S2,
S3. The Co-TCA thin film was also deposited for comparison, the detailed preparation

process was presented in the supplementary data.

HKUST-1 and Zn-MOF-74 thin films were deposited by the spin-coating method.

HKUST-1 thin films: 30 mg of the HKUST-1 powder was dispersed into 1 mL of hexane by
sonication for 10 min, then the prepared dispersion was spin-coated onto the ITO-coated glass

substrate at 800 rpm for 60 s.

Zn-MOF-74 thin films: 30 mg of the Zn-MOF-74 powder was dispersed into 1 mL of
deionized water by sonication for 10 min, then the prepared dispersion was spin-coated onto

the ITO-coated glass substrate at 1500 rpm for 60 s.

2.3. Characterization and electrochemical measurements

Surface structures of five MOF thin films were observed using a scanning electron
microscopy (SEM, SU8020) employing a Zeiss Sigma HD instrument at 10 kV acceleration
voltage. Energy-dispersive spectroscopy (EDS) was measured using an Oxford X-Max 150.
The cross sections of the films were investigated by SEM with an acceleration voltage of 2
kV. The crystalline structure data were collected using an X-ray diffraction (XRD, Rigaku
D/MAX 2500V). The samples were held in a non-reflective holder stage with the scan speed
of 5° min~!. The XRD patterns of Cu-TCA, Zn-TCA and Co/Cu-TCA thin films were
measured together with the ITO-coated glass substrate, while the HKUST-1 and Zn-MOF-74
powder were used for measurements. Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectra were taken with an IRTracer-100 FTIR spectrometer equipped with a
MIRacle 10 single reflection ATR and a ZnSe detector. Elemental compositions for the

surfaces of the Cu-TCA and Co/Cu-TCA thin films were determined by an X-ray
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photoelectron spectrometer (XPS, INA-X), which was excited by an Al K, radiation source at
a constant power of 100 W (15 kV and 6.67 mA). The samples were cleaned by isopropanol
to remove the residue electrolyte and dried under airflow, then cut them into pieces of size
1*0.5 cm? for the XPS measurement. The specific surface area was determined using the
Brunauer-Emmett-Teller (BET) surface area analyer (ASAP 2460 3.01). The activation of
sample (~140 mg) was performed at 120°C under vacuum for 12 h before measurement. The
adsorption and desorption of nitrogen was performed at 298 K. The electrical conductivity
was measured using a resistivity tester (ST2253y). Thermogravimetric analyses (TGA) were
performed with a heating rate of 10 °C/min from 30 to 800°C in a simulated N> atmosphere
using a NETZSCH STA 449F3 simultaneous TG-DSC instrument. The ratios of C, H, O and
N atoms were recorded with an UNICUBE CHN/O elemental analyzer. The Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) was determined by Agilent 7700
ICP-MS. The mass of film was weighed by electronic balance (BSA224S) and the data were

presented in Table S1.

The electrochemical measurements were carried out in a three-electrode system with a MOF
thin films as working electrode, Ag/AgCl as reference electrode, and a platinum wire as
counter electrode. The electrolyte was 0.1 M LiClO4-PC. Cyclic voltammetry (CV) was

performed at various scan rates in the selected potential range.

Chronoamperometric (CA) measurements were carried out by switching the potential between
0.8 V and 1.4 V with an interval of 10 s. Electrochemical impedance spectroscopy (EIS) was
measured in the frequency range of 0.1 to 500000 Hz with a voltage perturbation of 2 mV. In-
situ transmittance of the films was recorded together with the electrochemical measurements
in the wavelength of 400-850 nm by an Ocean Optics spectrometer. The quartz vessel was
positioned between a tungsten halogen lamp and the detector, and the vessel containing only

the electrolyte was employed to obtain the 100% level for transmittance.
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3. Results and discussion

3.1. Characterization of the Cu-TCA, Zn-TCA, HKUST-1 and Zn-MOF-74 thin films

Surface structures of the Cu-TCA, Zn-TCA, HKUST-1 and Zn-MOF-74 thin films were
shown in Fig. 2a-d, and those of the Cu and Zn templates used were displayed in Fig. S4a, b.
All MOF thin films were well-distributed on the surface of the ITO-coated glass substrates
and exhibited an irregular cubic structure, an irregular layered structure, an octahedral
structure, and loose structure with irregular polycrystalline particles, respectively. XRD was
carried out to identify the crystallographic structure of the four MOF thin films and the ITO-
coated glass substrates, as shown in (Fig. 2a’-d") and Fig. S4d. All XRD patterns were
consistent with the literatures reported, and showed good crystallinity with no traces of other
phases or impurity. ATR-FTIR spectroscopy was applied to characterize of the molecular
configuration of the thin films. Positions of the absorption peaks of the MOF thin films were
quite different from those of their metal center templates (Cu and Zn in Fig. 2a"-c") or the
organic ligand (dobdc*™ in Fig. 2d"”), and provided clear evidence for the presence of the
TCA®™ ligand in Cu-TCA and Zn-TCA, BTC* ligand in HKUST-1 and coordination of the
hydroxyl group in Zn-MOF-74. XRD and ATR-FTIR data were discussed in detail in the
supplementary data. The results indicated successful syntheses of the Cu-TCA, Zn-TCA,

HKUST-1 and Zn-MOF-74 thin films.
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Fig. 2. SEM images of (a) Cu-TCA, (b) Zn-TCA, (c) HKUST-1, and (d) Zn-MOF-74 thin
films. XRD patterns of (a’) the Cu-TCA thin film, (b") the Zn-TCA thin film, (¢") HKUST-1
powder, and (d") Zn-MOF-74 powder. Dots mark the positions of the reflections due to ITO.
ATR-FTIR spectra of (a'") Cu-TCA, (b") Zn-TCA, (c¢"") HKUST-1, and (d") Zn-MOF-74 thin
films and their metal center templates (Cu and Zn in Fig. 2a"- c¢”) or the organic ligand

(dobdc* in Fig. 2d").

3.2. EC performance of the Cu-TCA, Zn-TCA, HKUST-1 and Zn-MOF-74 thin films
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The EC performance of the Cu-TCA, Zn-TCA, HKUST-1 and Zn-MOF-74 thin films (1*1
cm?) was investigated by CV cycling at a scan rate of 50 mV-s™! in the electrolyte of 0.1 M
LiClO4-PC (Fig. 3). The potential range selected and reaction equations for each kind of films
were shown in Table S2. As shown in Fig. 3a, within the cycling potential range, the
maximum current densities of the Zn-TCA, HKUST-1 and Zn-MOF-74 thin films were
similar and quite small (~0.15 mA-cm?). In addition, HKUST-1 and Zn-MOF-74 thin films
presented no obvious oxidation peaks, indicating the irreversibility of their electrochemical
processes. In contrast, Cu-TCA and Zn-TCA exhibited much better reversibility with a pair of
redox peaks. Cu-TCA showed much larger area enclosed by the CV curve with increased
peak current density, as evidenced by the comparison with the other three thin films,
indicating more efficient ClO4 and electrons transition between the Cu-TCA thin film and the

electrolyte.

As discussed above, electrochromism is directly connected with charge
intercalation/deintercalation, and can be mirrored by optical modulation. In-situ transmittance
spectra of the Cu-TCA, Zn-TCA, HKUST-1 and Zn-MOF-74 thin films were studied in the
400-850 nm wavelength range in their initial (as-prepared) states, colored and bleached states
during CV cycling. The colored and bleached states were recorded at the highest/lowest
potential for Cu-TCA and Zn-TCA thin films because they are anodically coloring materials,
and at lowest/highest potential for the HKUST-1 thin film due to its cathodic coloration
nature. As shown in Fig. 3b-e, Cu-TCA exhibited the best EC optical modulation among the
four MOF thin films. The as-prepared Cu-TCA thin film was light yellow, it can be switched
between light yellow and blue during CV cycling in the potential range of 0.8 V to 1.4 V due
to the reversible change between N° and N* in the TCA®™ ligand. The largest transmittance
modulation was found to be 48% at the wavelength of 705 nm (Fig. 3b). However, for the Zn-

TCA thin film with the same organic ligand as Cu-TCA, it can only be switched between light
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gray and dark gary, and its largest transmittance modulation was only 12% at the wavelength
of 705 nm (Fig. 3c), which was much smaller than that of the Cu-TCA thin film. It is noted
that within the potential ranges selected for Cu-TCA and Zn-TCA thin films, there was only
one pair of redox peaks in their CV curves. The oxidation peak located at ~1.4 V corresponds
to the oxidation of N° to N* in the TCA*" ligand, and the reduction peak located at ~1.1 V is
due to the reduction of N* to N° in the TCA?~ ligand [29]. Thus, the electrochromism of Cu-
TCA and Zn-TCA resulted from the reversible oxidation and reduction of the TCA*" ligand.
The reason for the larger transmittance modulation of Cu-TCA can be assigned to the reduced
band gap of Cu-TCA by its redox-active metal center Cu, leading to easier electronic
transition and the increased redox ability [36] (Fig. 3f, Fig. S5, as discussed in detail in the
supplementary data). The transmittance modulation of the HKUST-1 thin film (Fig. 3d) was
even smaller, its electrochromism was due to the valence change of the metal center Cu [37]
between Cu?"and Cu’ with the reduction peak at —1.7 V. And the transmittance of the Zn-
MOF-74 thin film did not change during CV cycling since neither of the metal center Zn and
the dobdc*™ ligand had redox activity. Photos of the films in their initial, colored and bleached
states were shown in Table S2.

As a result, we conclude that both metal centers and organic ligands are significant for the EC
performance of MOFs. If MOF thin films are composed of redox-inactive organic ligands and
redox-inactive metal centers, they cannot exhibit EC performance, such as Zn-MOF-74.
When MOFs contain redox-active organic ligands or redox-active metal centers, their optical
properties can be varied reversibly, such as Cu-TCA, Zn-TCA and HKUST-1 discussed above.
Cu-TCA and Zn-TCA have the same redox-active organic ligand but different metal centers,
the redox-active metal center Cu leads to a smaller band gap of Cu-TCA and easier electron
transition, resulting in better EC performance. The difference in the EC performance of Cu-
TCA and HKUST-1 was related to the different organic ligands, HKUST-1 exhibited low

redox activity for its redox-inactive organic.
13/31



(@)% —corea (b Carcal (N1 ZnTCA
E Zn-TCA ~ 80 — -
2 03[——HKUST-1 s 8
E o Zn-MOF-74 F , / % 60 g 80 / .
g 3 £ £
=-03 g Initial state 5 60 Initial state
£ & 20 Colored state i Colored state
5 0.6 Bleached state Bleached state
-6 -08 00 0.8 1.6 400 500 600 700 800 400 500 600 700 800
Potential (V) Wavelength (nm) Wavelength (nm)
(d)'" nkust1|(e) Zomor7a) ()2
¥
N [— N = -
< 80 T 40 2 -4 BV 427ev
E f E L w5 2.18eV 2.51 eV
g - g S -6
£ 60 Initial state £ 20 Initial state -626eV
= Colored state = Colored state -6.78 eV
Bleached state Bleached state 8
400 500 600 700 800 400 500 600 700 800 Cu-TCA
Wavelength (nm) Wavelength (nm) System

Fig. 3. (a) CV curves of the Cu-TCA, Zn-TCA, HKUST-1, and Zn-MOF-74 thin films at 50

mV-s ! in 0.1 M LiClO4-PC. Transmittance modulation and corresponding photos of the (b)

Cu-TCA, (c) Zn-TCA, (d) HKUST-1, and (e) Zn-MOF-74 thin films during CV cycling, ()
comparison of the band gaps of Cu-TCA and Zn-TCA.

3.3. Characterization of the Co/Cu-TCA thin film

After a careful selection of proper metal centers and organic ligands, we attempted to dope
another redox-active metal Co?" into Cu-TCA to form the Co/Cu-TCA thin film, since doping
can increase the specific surface area and pore volume and facilitate the migration of ions and
electrons. The Co?" ion was selected due to the same coordination number as Cu®*, and it is
easily to be introduced by electrodeposition, see details in the Experimental section. Fig. 4a
shows the surface SEM image of the Co/Cu-TCA thin film, morphology of the Co/Cu
template used was displayed in Fig. S4c. Co/Cu-TCA exhibited a rough surface with irregular
cubes well-distributed on the ITO-coated glass substrate. It is noticed that the shape and size
of the Cu-TCA became more regular and uniform after doping Co?'. In addition, the
thicknesses of both Cu-TCA and Co/Cu-TCA thin films were ~400 nm, as displayed in Fig.

S6. Compared with the simulated XRD pattern of the Cu-TCA thin film, the peak assigned to
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the (112) plane at 20 = 9.3° shifted to lower degree of 9.1° after Co*>" doping (Fig. 4b).
According to the Bragg formula 2d-sinf = A (d represents interplanar spacing; € and A
represent angle and diffraction wavelength of the light inside the crystal), the decrement in 6
at the (112) plane indicates the increment of the interplanar spacing d due to Co*" doping.
This is because the ionic radius of Co?" (0.0745 nm) is larger than that of Cu*" (0.0730 nm),
substitution of Co*" for Cu?* leads to the expansion of the Cu-TCA lattice, leading to the
increased space between (112) planes. XRD patterns of the Co/Cu-TCA thin films with varied

Co concentrations (Co/ (Cu + Co) =0, 0.1, 0.2 and 0.3) were shown in Fig. S7.

The ATR-FTIR spectrum of the Co/Cu-TCA thin film was displayed in (Fig. 4c), Co/Cu-TCA
maintained the same functional groups except for the increased intensity of peaks within the
range of 1000-1200 cm™' due to the formation of Co-O. To further study the element
distribution of Cu-TCA and Co/Cu-TCA thin films, EDS analysis was carried out with a
typical top-view SEM image and corresponding C, N, O, Cu and Co maps were taken Fig. S8,
Fig. 4d. The element maps show that C and Cu were mainly localized within the inner micro-
cubic structure, while N, O and Co were distributed in all areas since Co?" coordinated with
O in Co/Cu-TCA, indicating that Co*" had been successfully doped into the lattice of the
Cu-TCA thin film. Elemental analyses were recorded by elemental analyzer and ICP-AES.
Calcd (%) for Co/Cu-TCA: C, 53.85; H, 2.56; N, 2.99; O, 20.5. Found (%): C, 53.82; H, 2.55;
N, 3.02; O, 20.2. Determined by ICP-AES, the weight percentages of Cu and Co were 16.1%

and 3.8% in Co/Cu-TCA, respectively.

Thermogravimetric analyses for Co/Cu-TCA were carried out to examine the thermal stability
(Fig. S9). The first weight loss stage started at 30 °C and ended at 140 °C, accompanied by
about 4.9% weight loss corresponding to the loss of the adsorbed water. The second weight

loss of 79.7% occurred at the temperature range of 200-700 °C, which can be ascribed to the
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collapse of the main framework. TGA results show good thermostability of the as-prepared

Co/Cu-TCA below 200 °C.

d (b) Co/Cu-TCA| () Co/Cu-TCA
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L
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Fig. 4. (a) SEM image of the Co/Cu-TCA thin film, (b) XRD pattern of the Co/Cu-TCA thin
film, (c) ATR-FTIR spectra of the Co/Cu-TCA thin film and its Co/Cu template, (d) SEM

image and corresponding elemental mapping of C, O, N, Cu and Co for the Co/Cu-TCA thin
film.

3.4. Electrochemical properties of the Cu-TCA and Co/Cu-TCA thin films

The electrochemical properties of the Cu-TCA and Co/Cu-TCA thin films were investigated
by CV and EIS. The CV curves of the Cu-TCA and Co/Cu-TCA thin films were recorded at
various scan rates in the potential range of 0.8 V to 1.4 V, as shown in Fig. 5a, b. CV curves

of the Co/Cu-TCA thin films with varied Co concentrations were shown in Fig. S10.
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Similar as the CV curve of the Cu-TCA film, only one pair of redox peaks appeared in the CV
curve of Co/Cu-TCA, indicating a redox reaction process had occurred. The reduction peaks
of the Cu-TCA and Co/Cu-TCA thin films were exhibited in Fig. 5a, b, respectively. For
instance, 1.20 V and 1.17 V for Cu-TCA and Co/Cu-TCA samples at a scan rate of 10 mV-s .
They shifted to lower potentials (i.e. the scan direction) with an increase in the scan rate, e.g.
1.18 Vand 1.15 V for Cu-TCA and Co/Cu-TCA samples at a scan rate of 20 mV-s!, which is
an indication of the quasi-reversible system. As for the oxidation peaks, Cu-TCA showed

obvious oxidation peaks at slow scan rates of 10 mV-s™! and 20 mV-s™!

, appearing at 1.30 V
and 1.33 V, respectively, as shown in Fig. 5a. They moved to higher potentials with increased
scan rates, which exceeded the potential range we applied. Co?>" doping improved the cyclic
charge exchange with larger current densities, as displayed in Fig. 5b. The oxidation peak
only appeared at the slowest scan rate of 10 mV-s'. The same as that of the Cu-TCA thin
film, it shifted to potentials higher than 1.4 V and thus did not appear in Fig. 5b. During scan
from 0.8 V to 1.4 V, the current gradually increased as a result of the intercalation of ClO4~
into Co/Cu-TCA, and the film became navy blue in color. In contrast, during scan in the
opposite direction, the Co/Cu-TCA thin film bleached to light yellow with the deintercalation
of ClO4 . The intercalation/deintercalation of ClO4™ resulted in the valence change of nitrogen

from N° to N*! in the TCA®" ligands. Therefore, the electrochemical process of the Co/Cu-

TCA thin film can be expressed as

(TCA-N)":n(Cu* )(Co* )+nClO; — (TCA-N")":n(Cu*")(Co> )(nClO; )+ne (1)

In addition, larger current densities were observed in the Co/Cu-TCA thin film compared with
the Cu-TCA thin film at the same scan rate, leading to an improved cyclic charge exchange.
The specific capacities were calculated from the CV curves in Fig. 3a and 5c (both of the scan

rates are 50 mV-s ') according to Equation (2) [38]
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1
20AV

C j 1av (2)

where C, I, V, v, and AV represent areal specific capacitance, instantaneous current density,
instantaneous potential, scan rate, and potential difference. The initial specific capacities of
Cu-TCA and Co/Cu-TCA thin films were 2.97, and 3.56 mF-cm 2, respectively. The results
provide clear evidence that the Co/Cu-TCA thin film has enhanced intrinsic electrochemical
activity, which is mainly contributed from larger specific surface area and pore volume (Fig.

S12), resulting in more ClO4 intercalation/deintercalation in the electrochemical process.

To further study the effect of cobalt incorporation on the electrochemical performance of the
Cu-TCA thin film, the ClO4 diffusion coefficients of the Cu-TCA and Co/Cu-TCA thin films
were calculated using the Randles—Sevcik formula [39]
1 11

I, =0.4463ZF A (%)2 C,D2v* 3)
where [, is the peak current, Z is the number of transferred electrons involved in the redox
process (Z is taken as 1 in the case of the Cu-TCA and Co/Cu-TCA thin films), ¢ is the
concentration of ClO4™ in the electrolyte, 4 is the effective surface area of the electrode. Fig.
5d shows that the current densities of the reduction peaks derived from Fig. 5a, b have a good

linear relationship with the square root of the scan rate v'’2

, demonstrating that intercalation of
ClO4™ was controlled by ion diffusion from the electrolyte to the surface of the Cu-TCA and
Co/Cu-TCA thin films. It is noted that the calculated ClO4~ diffusion coefficients of the Cu-
TCA and Co/Cu-TCA thin films from Fig. 5d were 6.93x10° cm?-s ! and 3.81x10~% cm?s!,
respectively, which may be attributed to the better conductivity of the Cu-TCA film (200
S'm™!) than the Co/Cu-TCA thin film (177 S'-m™'). The ClO4~ diffusion coefficients of both

films are lower than other materials (Table S4), which is due to the poor conductivity of the

TCA® .This can be further illustrated by the Nyquist plots of the Cu-TCA and Co/Cu-TCA
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thin films in Fig. Se. The impedance curves showed an incomplete semicircle with a tail on its
right side. The circuit model used in Fig. 5f fitted well with the experimental EIS data in Fig.
Se. Ry 1is the high frequency resistance representing the electrolyte, R, and CPE1 represent to
the charge-transfer resistance and the double-layer capacitance at the interface of the thin film
and the electrolyte [40]. R and CPE2 represent the resistance and the double-layer
capacitance at the interface of the thin film and the ITO layer, respectively. The Cu-TCA thin
film exhibited a much lower R.; value of 182.6 Q than that of the Co/Cu-TCA thin film (192.6

Q), indicating a slower ion diffusion resistance of the Co/Cu-TCA thin film.
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Fig. 5. CV curves of the (a) Cu-TCA and (b) Co/Cu-TCA thin films at various scan rates, (c)
CV curve of the Co/Cu-TCA thin film at 50 mV-s !, (d) linear fit of the peak current I, and
the square root of the scan rate v/? of the Cu-TCA and Co/Cu-TCA thin films, (e) Nyquist

plots of the Cu-TCA and Co/Cu-TCA thin films, (f) the circuit model used to fit the Nyquist
plots in Fig. Se.

3.5. EC performance of the Cu-TCA and Co/Cu-TCA thin films
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A spectro-electrochemical method was used to evaluate the optical properties of the Cu-TCA
and Co/Cu-TCA thin films in the potential range of 0.8 V to 1.4 V. Compared with Cu-TCA,
optical modulation of the Co/Cu-TCA thin film was larger at 550 nm (the most sensitive
wavelength for human’s eyes) and 705 nm (the wavelength where the largest optical
modulation located), which were 46% and 70%, respectively, with more transparency in the
bleached state and deeper blue in the colored state (Fig. 6a), indicating that the addition of
Co?*"can increase the optical modulation of the Cu-TCA thin film. Co*" doping can increase
the specific surface area and pore volume of Cu-TCA (Fig. Slla, b), facilitating ClO4"
migration and electrons intercalation/deintercalation. Transmittance modulation of Co/Cu-

TCA thin films with other Co concentrations was also measured and shown in Fig. S11.

The coloration efficiency (CE) is an important standard for evaluating the EC performance.
CE 1is defined as the change in optical density (AOD) at a specific wavelength per unit

injection charge density (AQ) in coloring process, and can be calculated by Equation (4) [41]

T,
log (;j
cp_bop_ \T, @
AQ AQ

where T. and 7T, denote the transmittance of the colored state and the bleached state,
respectively. It can be seen from Fig. 6b that after Co doping, the CE was significantly
increased to 337 cm?-C!, much larger than that of the Cu-TCA thin film (197 cm?-C!) and
other MOFs (Table S4). The enhanced coloration efficiency of the Co/Cu-TCA thin film
resulted from more ClO4 ions participated in the electrochemical process due to its larger
specific surface area and pore volume. We also tested the switching speed of the Cu-TCA and
Co/Cu-TCA thin films. The transmittance spectra were obtained by CA by applying a pulsed
potential of 0.8 V and 1.4 V for 10 s each at 705 nm (Fig. 6¢). Switching time is defined as

the time required to reach 90% change between the bleached state and the colored state. Due
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to smaller ClO4 diffusion coefficient of the Co/Cu-TCA thin film, it exhibited a longer
switching time for the coloration (3.3 s) and bleaching (6.0 s) processes compared with that of
the Cu-TCA thin film (2.2 s and 4.2 s, respectively), as shown in Fig. 6d. Meanwhile,
durability of the Cu-TCA and Co/Cu-TCA thin films was examined during 500 CA cycles.
Optical contrast of both films can be improved by increasing the potential range applied, but
the durability would be sacrificed at the same time (Fig. S13, S14). Especially, when the
potential range of 0.8 V to 1.5 V was applied, the thin films showed more rapid degradation at
first and then slowly fell off from the ITO-coated glass substrates, resulting in severe
degradation of the current density and optical modulation. Therefore, we studied the
durability of the Cu-TCA and Co/Cu-TCA thin films by applying a pulsed potential of 0.8 V
and 1.4 V for 10 s each at 705 nm. During 500 CA cycles, the initial optical modulation of the
Co/Cu-TCA thin film was 70%, much larger than that of the Cu-TCA thin film (48%).
However, it is apparent that faster degradation occurred for the Co/Cu-TCA thin film, both for
its current density (Fig. 6e) and optical modulation (Fig. 6f). Transmittance modulation and
charge capacity degradation of the Cu-TCA and Co/Cu-TCA thin films were shown in Fig.

S15.

After 500 CA cycles, the optical contrast of two films was almost the same. Besides, after 500
CV cycles, the Cu-TCA and Co/Cu-TCA thin films retained their initial shape with some
pores appearing on the cubes (Fig. S16). Compared with Cu-TCA, the slower ClO4™ diffusion
coefficients of Co/Cu-TCA impeded the migration of ClO4, resulting in more ion trap and

less active sites for the redox reaction during the EC process [42-43].

21/31



100 N
(a) Corcarca] (P cutca | (0)4 Cu-TCA
—_ —— Co/Cu-TCA ’TE Co/Cu-TCA
S 80 = ° S 2
= z 0.6 <
£ 60 2 E
s - 0
E= 504 =
g 2 =
= 40 2 £
e 2
i Initial state o2 =
=20 Colored state §
Bleached state 0.0 54
400 500 600 700 800 : 0.001 0.002 0.003 © 110 120 130 140
Wavelength (nm) Charge density (C-cm™) Time (s)
100 ol
(d) carca | (6): coeal (f) g,
- Co/Cu-TCA| o
s 80 E 0 8 60
3 %2 g 40
g 60 g £
£ z J— ) b
'E 0 Z‘ 2 Co/Cu-TCA é 80
g 3 £ 0
e 20 2 4 = 40
= 20
110 120 130 140 O 0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time (s) Time (5) Time (s)

Fig. 6. (a) Transmittance modulation and corresponding photos of the Co/Cu-TCA thin film
during CV cycling in the potential range of 0.8 V to 1.4 V, (b) coloration efficiencies of the
Cu-TCA and Co/Cu-TCA thin films, (¢) CA curves of the Cu-TCA and Co/Cu-TCA thin
films, (d) switching time of the Cu-TCA and Co/Cu-TCA thin films, (e, f) electrochemical
and optical durability of the Cu-TCA and Co/Cu-TCA thin films tested during 500 CA cycles
by applying a pulsed potential of 0.8 V and 1.4 V for 10 s each at 705 nm.

To shed light on the effect of Co doping on the composition and structure of Cu-TCA, XPS
was used to examine elemental compositions and chemical states for the surface of both Cu-
TCA and Co/Cu-TCA thin films. The samples in the initial state, colored state and bleached
state were examined, and the data of the survey scans were given in Table S4. Features due to
C, N, O, Cu were shown in both Cu—TCA and Co/Cu-TCA, and Co was successfully doped in
the Co/Cu-TCA thin film with the atomic fraction of 20% (Fig. 7a, b), which were consistent
with results displayed in the element mappings and ICP-AES. In order to further explore the
coordination structure of each element, high-resolution XPS spectra pertaining to individual
elements were fitted with deconvolution and Gaussian curves. High-resolution spectra of C 1s
for Cu-TCA and Co/Cu-TCA can be deconvoluted into peaks at 284.8, 285.6 and 288.5 eV,

corresponding to C-C, C-N and C=O signals [44, 45] (Fig. 7a’, b’). N* and N° in
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triphenylamine was observed in the N 1s spectra in the initial state locating at 401 eV and 400
eV [46, 47], respectively (Fig. 7a”, b”). N appeared in the organic ligand TCA* in initial
state due to the partial oxidation in air [47]. The deconvoluted peaks of O 1s at 533.5 eV,
532.1 eV, 531.5 ¢V and 531.1 eV can be attributed to O-H, C=0, Cu-O and Co-O [48-50]
(Fig. S17a and S18a). The Cu 2p XPS spectra of Cu-TCA exhibited two peaks at 954.4 eV
and 934.6 eV [51] (Fig. S17b), corresponding to the Cu 2pi» and Cu2psp, respectively.
However, it displayed two sets of peaks assigned to Cu” (932.5 and 952.33 eV) and Cu*"
(934.6 eV, 954.3 eV) [52] for Co/Cu-TCA due to the decreased valence of Cu caused by Co**
doping (Fig. S18b). Fig S18c shows the Co 2p spectra, the binding energy of Co*" was 781.3
eV, with one shake-up satellite peak at 803.5 eV [53], confirming the incorporation of Co*" in
the Cu-TCA. The zoomed-in XPS peaks of Cu 2p and Co 2p for the Cu-TCA and Co/Cu-TCA
thin films in the initial, colored, and bleached states were shown in Fig. S19. Data derived
from the high-resolution spectra of C 1s, N 1s, and O 1s, Cu2p and Co 2p for the Cu-TCA and
Co/Cu-TCA thin films were exhibited in Table S6 and S7, respectively. It is specially noted
that the atomic ratio of C-N, N® and N* varied during the EC process with the transport of
ClO4". During the coloring process, ClO4™ intercalated into the Cu-TCA and Co/Cu-TCA thin
films to absorb on the nitrogen atoms, resulting in the increased ratio of N and decreased
ratio of C-N and N°. In contrast, during the bleaching process, ClO4~ ions migrated out of the
thin films, leading to the decreased ratio of N*. The peak position and atomic ratio of Cu®,
Cu?" and Co** changed little during the EC process, indicating the EC redox reaction of the
films was not dominated by the metal centers. Clearly, the valence change of N in TCA3~
ligands by ClO4 intercalation/deintercalation leads to transmittance modulation of the Cu-
TCA and Co/Cu-TCA thin films (Fig. 7c). Moreover, the incorporation of Co?" can increase
the specific surface area and pore volume of Cu-TCA facilitate ClO4

intercalation/deintercalation, as evidenced by the increased atomic ratio change of N° and N*
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(21% for Cu-TCA and 35% for Co/Cu-TCA), resulting in the enhanced transmittance

modulation and coloration efficiency.
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Fig. 7. (a, b) XPS survey scans of the Cu-TCA and Co/Cu-TCA thin films in the initial,
colored, and bleached stated. High-resolution XPS spectra of (a’, b") C 1s and (a"”, b”) N 1s for
the Cu-TCA and Co/Cu-TCA thin films in the initial, colored, and bleached stated, (c)
Schematic showing the possible EC mechanism of the of Cu-TCA and Co/Cu-TCA thin films.
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4. Conclusions

In summary, Cu-TCA, Zn-TCA, HKUST-1, Zn-MOF-74 and Co/Cu-TCA thin films
containing different redox-active/inactive metal centers and organic ligands were successfully
prepared using electrodeposition and spin-coating methods under mild conditions, as verified
by XRD, ATR-FTIR, EDS and XPS. Results show that EC properties of MOFs were
determined by the redox-active metal center and organic ligand, and the latter one dominated.
Among the first four MOFs thin films, Cu-TCA with the redox-active metal center and
organic ligand exhibited the best EC performance with transmittance modulation of 50% at
the wavelength of 705 nm. Co?" doping into Cu-TCA can increase the specific surface area
and pore volume, as revealed by the BET data and the increased atomic ratio change of N°
and N" from XPS, facilitating intercalation/deintercalation of ions and electrons. As a result,
Co/Cu-TCA thin film exhibited quite high optical contrast (70% at 705 nm) and coloration
efficiency (337 cm?-C™'). Our results are applicable also to other redox-active processes of

MOFs, such as in batteries and supercapacitors.
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