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ABSTRACT

Electrochromic materials can reversibly switch color subject to the application of an externally applied electrical potential, making them useful
for advanced applications such as smart windows, sensors, and electrochromic displays. To date, the development of electrochromic metal-
organic frameworks (MOFs) is hampered by their insulating framework and nonredox active moieties. Herein, we demonstrate the use of
the Guest@MOF concept to engineer electrochromic thin films, termed “DHTP@Zn-MOF-74,” grown on a flexible PET polymer substrate
coated with a transparent indium tin oxide conductor. This electrochromic film reversibly switches between the (transparent) colorless 2
magenta states, by employing a relatively low cyclic voltage of 0 V and 2.5 V, and is tested under a variable scan rate ranging from 50 mV/s
up to 1 V/s. This study could open the door to the discovery of new Guest@MOF electrochromic systems with tunable properties for energy
applications.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5108948

Inorganic-organic (hybrid) materials termed “metal-organic
frameworks” or “MOFs” are open-framework compounds emerg-
ing as a promising class of materials for energy"” and device
applications. One of the most attractive characteristics of MOFs is
their periodic long-range ordering (i.e., crystalline structure) fea-
turing functionally active voids or interconnected pores (channels)
with vast tunability.” Notably, the MOF pores can act as a host
structure to accommodate another functional guest molecule to
yield a “Guest@MOF” composite system.” Because of the strong
host-guest interactions resulting from the nanoscale pore confine-
ment, novel guest-induced properties such as electronic conductiv-
ity,” energy/charge transfer,»'’ and tunable optical properties'' have
recently been demonstrated in a number of Guest@MOF compos-
ites. The Guest@MOF concept’ offers a unique prospect to engineer
new properties distinctive from those of the host framework or the
guest molecules considered in isolation.

Electrochromism refers to the phenomenon where reversible
color changes occur via electrochemical oxidation-reduction of the

electrochromic material subject to an applied electrical potential.
Electrochromic materials have received much attention as they are
useful for applications such as smart windows, sensors, and displays.
The electrochromic effect is widely explored using inorganic mate-
rials such as Prussian blue and their analogs,”“ metal oxides such
as WO;3 and V,0s,'*"” organic molecules, * oligomers,'” and poly-
mers.'® Right from the early 1960s, many patents have been filed by
electronics companies for electrochromic displays and smart glass
applications adopting the concept of electrochromism. Although
MOFs have been an active topic of research for ~20 years, the
electrochromic phenomenon of MOFs has rarely been explored
until quite recently. This is because the majority of MOFs have
insulating behavior and nonredox nature, thereby suppressing the
development of this topic area. Representative examples available
to date comprise a number of electrochromic MOFs with either
naphthalenediimide-based ligands'”*' or pyrene-based ligands™
deposited as a thin film on fluorine-doped tin oxide (FTO) glass
substrates for improved conductivity.
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In this letter, we demonstrate a facile approach by integrat-
ing electrochemistry and dip coating techniques to grow a poly-
crystalline thin film of Zn-MOF-74 onto a transparent flexible sub-
strate. Herein, we adopt the concept of Guest@MOF to confine
redox-active guests within the 1-D pore channels of the Zn-MOF-74
host, thereby resulting in an electrochromic switchable mate-
rial, termed “DHTP@Zn-MOF-74” [Fig. 1(a)]. The electrochromic
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film is deposited on a conducting indium tin oxide (ITO)-coated
PET polymer substrate, offering bending flexibility and mechanical
toughness not found in electrochromic MOF films typically grown
on FTO-coated glass substrates.

Zn-MOF-74 is an example of the porous MOF structure that
exhibits 1-D hexagonal channels, whose pore dimensions are 12.7
x 12.7 A%, as depicted in Fig. 1(a). Its pore configuration is ideal

DHTP@Zn-MOF-74

FIG. 1. (a) Schematic of the Zn-MOF-
74 crystal structure showing the nano-
sized 1-D pore channels oriented down
the c-axis. These extended 1-D chan-
nels can be utilized to confine redox-
active molecules (herein DHTP guests)
to yield an electrochromic Guest@MOF
composite. (b) The sequence of process-
ing steps at room temperature to fabri-
cate the thin film of DHTP@Zn-MOF-74
on a conductive ITO-coated PET poly-
mer substrate. (c) FESEM micrographs
of the thin film surface at particular
stages of the fabrication process. Addi-
1 tional electron micrographs are shown in
- | Figs. S3 and S4.
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to confine redox-active “guest” molecules, herein the electroactive
2,5-dihydroxyterephthalic (DHTP) acid.”> We chose the Zn-MOF-
74 framework as a “host” framework considering the dynamic
nature of plausible proton exchange sites conferred by its organic
linker, which is also the DHTP acid. Its coordination environ-
ment has hydroxyl and carboxylic acid groups coordinated to the
zinc metal centers to construct the extended structure illustrated in
Fig. 1(a). Notably, the walls of the 1-D channels are replete with
the zinc open metal sites”” that could offer host-guest interactions
with the nanoconfined guest species.

In this section, we describe the processing route to fabricate
electrochromic thin films of DHTP@Zn-MOF-74 at room temper-
ature. The steps involved are summarized in Fig. 1(b). We employed
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flexible ITO-coated PET (80 Q/0O) to develop transparent thin films
of MOF-74 with encapsulated DHTP guests confined in the pore
channels [Fig. 1(a)]. As the surface of the ITO-PET substrate is
smooth and slippery, to enhance film adhesion, we electrochemi-
cally treat the ITO surface with an aqueous Zn(1r) solution. Zn coat-
ing was deposited on the surface of the ITO in accordance with a
reported procedure using the cyclic voltammetry (CV) technique.”®
CV was performed between —0.85 V and —1.055 V using a three-
electrode configuration [see Fig. S1 in the supplementary material
(SI)] where Ag/AgCl was used as the reference electrode, platinum
as the counterelectrode, and ITO-coated PET as the working elec-
trode immersed in a 0.1M aqueous solution of Zn(u) [prepared from
zinc acetate, Zn(OAc),]. Five CV cycles were performed on the ITO

Height (nm)
©

44 —— Profile 1
—— Profile 2
24 ——Profile 3
—— Profile 4

0 100 200 300 400
Path distance (nm)

22

6 4 —— Profile 1
4] —— Profile 2
—— Profile 3
2 —— Profile 4

0 100 200 300 400
Path distance (nm)

Height (nm)
»
o

—— Profile 1
~—— Profile 2
—— Profile 3
~——Profile 4
10 4 ~———Profile 5
~—— Profile 6

0 100 200 300 400 500
Path distance (nm)

FIG. 2. AFM topography of the (a) ITO film on PET, (b) Zn polycrystals grown on the ITO, and (c) DHTP@Zn-MOF-74 polycrystalline film on the ITO-coated PET substrate.
Additional AFM height profiles across the Zn to ITO interface and DHTP@Zn-MOF-74 to Zn interface are shown in Fig. S5.
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coating to attain a Zn polycrystalline coating (Fig. S2 in the supple-
mentary material), which was later immersed in a solution of DHTP
in N, N-dimethylformamide (DMF) and Zn(u) in DMF solution
sequentially. Specifically, 20 ml DMF solution of 1 mmol DHTP and
20 ml DMF solution of 2 mmol Zn(OAc), were utilized for the dip
coating process. First, the Zn-coated ITO-PET was dipped into the
DHTP solution and then into the Zn(u) solution, and finally, it was
immersed into the DHTP solution. Later, the substrate was allowed
to air-dry at room temperature for 5-10 min and used directly for
electrochromic studies.

The fine-scale surface morphology of the thin films was char-
acterized using atomic force microscopy (AFM). Figure 2 shows
the representative microstructures on the surface of the thin films
obtained at different stages of the material fabrication process.
It can be seen in Fig. 2(a) that the ITO film on the PET sub-
strate consists of uniformly packed polycrystals, where the size of
each ITO crystal was found to be ~30-50 nm. Figure 2(b) reveals
that the Zn coating from CV deposition produced larger polycrys-
talline grains with an average grain size of ~50 nm. Finally, we
found that the transparent film of DHTP@Zn-MOF-74 consists of
relatively larger polycrystalline grains of ~50-100 nm. The
powder X-ray diffraction (PXRD) pattern in Fig. S6 shows the

scitation.org/journal/apm

crystallinity and structure of the Zn-MOEF-74 (host) compound.
PXRD peak broadening is attributed to the nanocrystalline mor-
phology as evidenced in the AFM data. Thermogravimetric analysis
(TGA) on DHTP@Zn-MOF-74 revealed the chemical formula of
the compound as [Zn,(DHTP)(DMF);]12-DHTP, where ~3 wt. % of
the DHTP guest molecule was found decomposing at about 300 °C
before the host framework starts collapsing (see Fig. S7).

We have investigated the electrochromic behavior of the thin
films by employing a three-electrode electrochemical cell setup
(Fig. S1). We used Ag/AgCl as the reference electrode, platinum
as the counterelectrode, and the DHTP@Zn-MOF-74 film as the
test electrode. The electrolyte solution consisted of 0.1M trib-
utylmethylammonium methyl sulfate conduction salt (MTBS) dis-
solved in DMF. Figure 3(a) shows a representative cyclic voltam-
metry (CV) test result by employing a scan rate of 50 mV/s:
from 0 V decreasing to —2.5 V and rising back up to 0 V. The
color changes exhibited by the thin film as a function of the
applied voltage are presented in Fig. 3(b). The current density
(mA/cm?) was determined from the measured current normalized
to the immersed area of the film in the electrolyte, corresponding
to the sample region switching between transparent and magenta
states.
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FIG. 4. Evolution of the CV curves of a DHTP@Zn-MOF-74 thin film sample subject
to the first 50 cycles at a scan rate of 50 mV/s. The first 15 cycles are marked as
activation of the fresh sample. The test was performed up to a maximum of 500
cycles, and the complete cyclic data are presented in Fig. S8 in the supplementary
material.

As shown in Fig. 3, when the reduction potential is ramped
down from 0 V to 2.5V, the color of the DHTP@Zn-MOF-74 film
(i.e., test electrode) gradually switches from transparent (colorless)
to pink and then to light magenta. When the sign of the applied
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potential is reversed, ramping up from —-2.5 V to 0 V under the oxi-
dizing potential, the magenta color of the film becomes increasingly
deeper until it reaches an oxidizing potential of about —1.5 V. After
surpassing the point corresponding to the maximum current den-
sity located at around —0.8 V (i.e., the hump in the CV curve), there
is a noticeable reversal of color of the film from magenta to pink,
and finally, it turns transparent (colorless) when reaching the neutral
state of 0 V. The oxidation potential observed at —0.8 V is reminis-
cent of the oxidation potential reported in the case of other phenolic
compounds,27 and additionally, in this case, it is unlikely that possi-
ble phenoxonium ion at the carbon position where e~ withdrawing
-COOH group is situated will form. By looking at the structure of
the DHTP molecule, the reversibly forming oxidized and reduced
species occur at the 2, 5 positions of DHTP, as depicted in Fig. 3(a)
inset.”””’ It is important to note that the color switch we observed
here (colorless & magenta) is different from that reported for the
pristine film of Zn-MOF-74, which switches between the oxidized
yellow state 2 reduced brown state, requiring a higher voltage of
+2Vto-1V."

The evolution of the CV curves with the number of cycles is
shown in Fig. 4. We designate the first 15 cycles as the activation
cycles, where the overall shape of the CV curves evolves quite dras-
tically after each cycle. In fact, this is not surprising and occurs
when a fresh thin film sample is being exposed to the electrolyte
and applied voltage for the first time. During the activation step, we
found that the uniformity of the film color gradually improves as
the maximum current density rises on completion of each activation
cycle. Beyond the activation step and indeed progressing from cycle
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FIG. 5. Cyclic voltammograms of a thin-film sample of Zn-MOF-74 being continuously cycled at an increasingly higher scan rate of (a) 50, (b) 100, (c) 200, (d) 400, (e) 800,
and (f) 1000 mV/s. The sample was exposed to 5 cycles per scan rate, thus amounting to 30 cycles in total.
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No. 15 up to cycle No. 50, it can be seen in Fig. 4 that the current
density in the oxidation test segment continues to rise very system-
atically. The CV data of the 50-cycle test suggest that the impedance
of the film is declining with the rising number of cycles, and this
might occur because accessibility to the pore channels of the MOF-
74 host is improving with time (No. cycles); it is envisaged that pore
channels are not fully accessible to the electrolyte at the beginning of
the CV test.

To enable practical applications, it will be of interest to under-
stand the stability and resilience of the electrochromic film when
exposed to a much larger number of cycles (to the point when it
stops switching color altogether). To address this question, the CV
measurements from Fig. 4 were continued up to a maximum of 500
consecutive cycles, maintaining a scan rate of 50 mV/s. The results
are presented in Figs. S8(a)-S8(j); we observed that the sample can
endure a relatively large number of CV cycles. On the basis of the
declining oxidation current density (indicating impedance rise), it
can be deduced that material damage becomes prevalent after about
300 cycles, but the film carries on switching its color until the oxi-
dation current density fell to the level of zero evidenced after ~450
cycles. We observed a thick deposition of electrolyte salts on top of
the thin film sample after extensive cycling, which prevented us from
characterizing the MOF structural integrity.

Finally, the stability of the thin film to color switching at
higher scan rates has also been investigated. The results are sum-
marized in Fig. 5. By subjecting the thin film sample to consec-
utive cycles systematically set at 50, 100, 200, 400, 800, and 1000
mV/s, a good repeatability in CV curves was obtained even at
faster switching rates, indicating stable oxidation and reduction
cycles of the electroactive DHTP species confined in the chan-
nels of MOF-74. In fact, at each scan rate, the data reveal that
the redox activity improves gradually with the rising number of
cycles.

In summary, this letter presents a facile strategy to spa-
tially confine redox-active guests within the nanoscale MOF pores,
hence enabling the fabrication of electrochromic Guest@MOF thin
films on a conductive yet mechanically flexible substrate (such as
ITO-coated PET for conductivity). This strategy could instigate
future electrochromic MOF research, by reinventing conventionally
known redox-active species and by leveraging nanoconfined host-
guest interactions to derive new properties which are distinct from
those of the MOF host or the electroactive guest studied in isola-
tion. Indeed, we recently found that the same methodology can be
adopted to fabricate the electrochromic thin film of DHTP@ZIFE-8,
which is capable of switching between the colorless 2 magenta states
under an electrical potential of +4 V (whose results will be pre-
sented as a future manuscript). The concept of the electrochromic
Guest@MOF film demonstrated in this letter warrants deeper
investigations through systematic optical property characterization
(e.g., in situ UV-Vis absorption/transmittance, coloration efficiency,
and switching kinetics) because it has the potential to engineer
unconventional material properties beneficial for practical device
applications.

See supplementary material for description of the materials’
characterization methods, additional SEM and AFM images, PXRD
patterns, TGA data, and CV curves of a DHTP@Zn-MOF-74 thin
film sample subject to 500 cycles.
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