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Crystals of a metal-organic framework, UiO-66, are grown on
electrospun crosslinked poly-cyclodextrin (poly-CD) fibrous mem-
branes with an ultrahigh coverage, and polyaniline (PANI) is further
confined within the MOF pores. The obtained PANI@UiO-66/poly-
CD membranes are used as free-standing electrodes towards use in
wearable energy-storage devices.

Metal-organic frameworks (MOFs)"> have attracted significant
attention in recent years and have been applied for a range of
applications due to their exceptionally high specific surface
area, interconnected porosity, and tuneable pore size with
versatile functionalities.>® For example, MOF-derived metal
oxides and relevant inorganic materials have been widely used
in supercapacitors.””® The major concern that limits the direct
applications of most pristine MOFs is their poor stability in
water, but the development of highly stable group 4 metal-
based MOFs, e.g., zirconium-based MOFs (Zr-MOFs), has
allowed the use of MOFs in aqueous or humid environments
without damaging their structures."®"! Such chemically robust
and highly porous Zr-MOFs are thus considered as attractive
materials for several electrochemical applications because of
their highly accessible internal surface areas with built-in
electrochemically active sites that may be capable of electro-
catalysis or charge storage.'> ¢

In addition to utilizing the pristine Zr-MOFs with electro-
chemical activity in such applications, another material-design
route is using Zr-MOFs as a rigid template to confine the
electrochemically active species within interconnected pores
in order to increase their accessible surface area. For example,
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polyaniline (PANI), a commonly used conducting polymer that
can be used in electrochemical sensors and charge storage,'”
could be synthesized in the presence of Zr-MOFs due to the
structural integrity of Zr-MOFs in the acidic aqueous solutions
required for the polymerisation of aniline (ANI).'®*>' The
resulting electrochemical performances of such PANI@
Zr-MOF composites are usually better than those of the pristine
PANL"*° Very recently, for the first time, we developed a
unique approach to selectively generate continuous PANI con-
fined within the pores of a Zr-MOF, while preventing the
formation of PANI solid between MOF crystals.** Such a pore-
confined PANI in a Zr-MOF was also found to outperform the
pristine PANI as the active material for electrochemical
capacitors.>”

Cyclodextrins (CDs) consist of toroid-shaped cyclic oligosac-
charides with «(1,4)-linked p-glucopyranose units. CDs contain
a hydrophobic core owing to -CH and -CH, carbons and a
hydrophilic exterior surface resulting from multiple hydroxyl
groups.”® Electrospinning CD molecules could be achieved
without the necessity of carrier polymers, but their high solu-
bility in an aqueous environment limits their use in various
applications.>* Recently, crosslinked poly-CDs have been intro-
duced to overcome this limitation and employed in water
treatment applications.>*® These crosslinked poly-CD fibrous
membranes could also be an ideal platform for the growth of
MOF crystals owing to the rich hydroxyl groups that may
effectively initiate the nucleation of carboxylate-based MOFs.
However, to date there is no study reporting the growth of
MOFs on poly-CD yet.

Herein, nanocrystals of a Zr-MOF, Ui0O-66,>” were grown on
the electrospun free-standing membranes consisting of poly-
CD fibres with an ultrahigh surface coverage. As a demonstra-
tion, the obtained UiO-66/poly-CD membranes were further
subjected to the spatially selective polymerisation of ANI to
generate continuous PANI confined within the pores of grown
MOF crystals (Fig. 1). The flexible and free-standing electrodes
with remarkable and stable electrochemical activity in aqueous
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Fig.1 Scheme for the (a) growth of UiO-66 nanocrystals on the free-
standing membrane of poly-CD fibres and (b) the spatially selective
polymerisation of ANI to generate the continuous PANI confined within
the MOF crystals.

electrolytes can thus be obtained, which are highly desirable for
the future design of wearable electrochemical devices.

The electrospun membranes composed of poly-CD fibres
were prepared by following the procedure reported
previously,>® and UiO-66 nanocrystals were thereafter grown
on poly-CD through a room-temperature process.’®*>? The
membrane of UiO-66/poly-CD was thus obtained (see detailed
experimental procedure in the ESIf). As shown in Fig. 2(a) and
(b), the free-standing and flat membrane can still be obtained
even after the growth of UiO-66 and the subsequent washing,
solvent-exchange, and drying processes. Scanning electron
microscopic (SEM) images of the pristine poly-CD and UiO-
66/poly-CD are shown in Fig. 2(f) and (g), respectively, which
reveals the even and full coverage of the octahedral MOF
crystals on the surface of all the poly-CD fibres. The ultrahigh
coverage of the grown UiO-66 nanocrystals can be viewed in
low-magnification SEM images of the membranes as well (see
Fig. S2, ESIT). This observation implies that the rich terminal
hydroxyl groups present on the surface of the poly-CD fibres
should allow effective nucleation for growing MOF crystals
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from the surface, which results in the high coverage of MOF
nanocrystals on the surface of the poly-CD fibres.
UiO-66/poly-CD was thereafter used as the platform for the
polymerisation of ANI with the addition of excessive
poly(sodium 4-styrenesulfonate) (PSS). Under such poly-
merisation conditions, a well-dispersed PANI:PSS polymer
solution without precipitation can be formed.>* However, since
PSS is more bulky compared to the MOF pore, only the ANI
monomer and initiator can penetrate into the nanopores of
UiO-66 to generate the pore-confined PANI solid. Therefore, by
successively washing the resulting membrane with HCI solu-
tions to fully remove the residual PANI:PSS, PANI confined
within the UiO-66 nanocrystals grown on poly-CD (PANI@UiO-
66/poly-CD) can be obtained; see the detailed experimental
procedure in the ESLt{ A similar strategy has been used to
prepare pore-confined PANI in the powder of another Zr-MOF
recently. As displayed in Fig. 2(c), the free-standing and flat
characteristics of the membrane are still preserved after the
polymerisation, and the colour of the membrane becomes
green. Except for the slightly rougher surface of the MOF
crystals, no obvious morphological changes can be observed
after the polymerisation, as revealed in the SEM images shown
in Fig. 2(h) and (i). This finding suggests that no obvious bulk
PANI or PANLPSS is present outside the MOF crystals; this
observation agrees well with that for powder samples reported
in recent work.>> Elemental mapping data also show the uni-
form distributions of Zr, O, N and C on the fibres (Fig. S3, ESIT).
For comparison, the pristine poly-CD membrane was also
subjected to the same polymerisation process. As shown in
Fig. S4 (ESIT), PANI solid with a dark green colour can still be
formed and immobilized near the edge of the poly-CD
membrane, but the structure of the membrane got completely
destroyed after the drying process, which results in a fragile and
non-uniform material. This preliminary assessment indicates
that the presence of uniformly grown UiO-66 crystals may also
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Fig. 2 Photos of (a) poly-CD, (b) UiO-66/poly-CD, and (c) PANI@UIO-66/poly-CD. (d) GIXRD patterns of the membranes. (e) Nitrogen adsorption-
desorption isotherms and obtained BET surface areas of the membranes and UiO-66 powder. SEM images of (f) poly-CD, (g) UiO-66/poly-CD, and
(h) PANI@UIO-66/poly-CD. (i) High-magnification SEM image of PANI@UiO-66/poly-CD.
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play an important role in providing the poly-CD membrane
with a better mechanical stability required for the poly-
merisation of ANI in such membranes.

Grazing incidence X-ray diffraction (GIXRD) patterns of the
membranes are present in Fig. 2(d). All the main diffraction
peaks appearing in the patterns of UiO-66/poly-CD and
PANI@UiO-66/poly-CD are consistent with those shown in the
simulated pattern of UiO-66, which indicates that the phase-
pure and crystalline UiO-66 can be grown on the poly-CD
membrane, and the crystallinity of UiO-66 is well preserved
after the incorporation of PANI. It should be noticed that the
pattern of poly-CD possesses a wide and broad amorphous peak
located at around 20 degree, which also agrees with that
observed for poly-CD reported in a previous work.>® Nitrogen
adsorption-desorption measurements were then performed to
examine the porosity of all membranes, and the data are
plotted in Fig. 2(e). In comparison with the pristine MOF
powder with a Brunauer-Emmett-Teller (BET) surface area of
1500 m? g !, UiO-66/poly-CD shows an obviously decreased
BET surface area of 585 m® g~ ', and this value further drops to
355 m”> g~ ' after the incorporation of PANI. The pristine poly-
CD shows a negligible porosity (15 m”> g~*). The typical micro-
porous characteristic of UiO-66 can be seen in the isotherms of
both UiO-66/poly-CD and PANI@UiO-66/poly-CD, suggesting
that the microporosity of UiO-66 can be partially preserved in
both membranes. Density functional theory (DFT) pore size
distributions were further extracted from the isotherms in
Fig. 2(e), and the data are shown in Fig. S5 (ESIf). All the
UiO-66 powder, UiO-66/poly-CD, and PANI@UiO-66/poly-CD
possess a pore size between 1 nm and 2 nm, which in general
matches the characteristics of defective UiO-66 synthesized by a
similar procedure.?® It should be noticed that after the incor-
poration of PANI, the pore volume of UiO-66/poly-CD between
1.6 and 1.9 nm, the pore size corresponding to the defective
cavity of UiO-66,>® decreases significantly. This finding
indicates that PANI is mainly confined within the defective
cavity of UiO-66 crystals grown on the membrane; this observa-
tion is also consistent with our previous finding for powder
samples.”?

Fourier-transform infrared spectroscopy (FTIR) was
employed to further characterize the membranes, and the data
are shown in Fig. S6 (ESIt). Detailed discussion is provided in
the ESI.{ The characteristic peaks of poly-CD appear in the FTIR
spectra of all the poly-CD, UiO-66/poly-CD, and PANI@UiO-66/
poly-CD, and the peaks of PANI are present in the FTIR
spectrum of PANI@UiO-66/poly-CD. This result again suggests
the successful formation of PANI in the membrane. Thermo-
gravimetric analysis (TGA) was further performed, and the
results suggest that the mass fraction of MOF in UiO-66/poly-
CD is 21.6%, and the mass fraction of polyaniline in
PANI@UiO-66/poly-CD is 25.8% (see detailed discussion
regarding Fig. S7 in the ESIY).

Cyclic voltammetric (CV) curves of the membranes were first
tested at 100 mV s~ in an aqueous electrolyte containing 0.2 M
of HCl to examine the electrochemical behaviours of
the membranes. As shown in Fig. 3(a), the electrodes with
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Fig. 3 (a) CV data of poly-CD, UiO-66/poly-CD, PANI@UiO-66/poly-CD,
and the electrode without a membrane, measured at 100 mV s~ (b) Five-
cycle GCD curve of PANI@UIO-66/poly-CD collected at 0.25 mA cm ™2,
(c) Capacity of PANI@UIO-66/poly-CD measured at each charge-dis-
charge rate. (d) Capacitance retention of PANI@UiO-66/poly-CD during
the GCD processes at 0.5 mA cm™2 for 1000 cycles.

poly-CD and UiO-66/poly-CD do not exhibit any electrochemical
activity, and the non-faradaic current in their CV curves is
almost the same as that of the bare electrode (see the zoom-
in CV curves in Fig. S8, ESIt). On the other hand, the CV curve
of PANI@UiO-66/poly-CD reveals one set of broad redox peaks,
with the anodic peak and cathodic peak centred at 0.71 V and
0.03 V vs. Ag/AgCl/NaCl (3 M), respectively. CV curves of
PANI@UiO-66/poly-CD were thereafter measured at different
scan rates (v), and as revealed in Fig. S9(a) (ESIt), two sets of
redox peaks appear at slower v within this potential window.
This electrochemical feature is consistent with that typically
reported for PANI in acidic aqueous electrolytes,®" which sug-
gests that the Zr-MOF-confined PANI grown on the membrane
is electrochemically active. Values of anodic peak current
density (/p.) and cathodic peak current density (J,.) were
further extracted from the CV curves, and the plots of log( /pa)
vs. log(v) and log(| Jp.c|) vs. log(v) are shown in Fig. S9(b) and (c)
(ESIt), respectively. Slopes of 0.65 and 0.59 were obtained from
these plots, respectively, indicating that the electrochemical
reactions occurring on PANI@UiO-66/poly-CD are more similar
to a diffusion-controlled process rather than the process of a
surface-mounted electroactive monolayer.** Slopes here also
imply that the pore-confined PANI shows a characteristic
between those of ideal capacitive materials and materials for
batteries, with a higher similarity to a battery-type material.>®
Chronopotentiometric experiments were thereafter con-
ducted to probe the charge-storage capability of PANI@UiO-
66/poly-CD. As shown in Fig. 3(b), the membrane can be
reversibly charged and discharged at 0.25 mA cm 2. Galvano-
static charge-discharge (GCD) curves of all membranes were
also measured at different current densities (J.q). As shown in
Fig. S10 (ESIt), both the poly-CD and UiO-66/poly-CD possess
negligible capacities. Obvious changes in slope can be observed
in the GCD curves of PANI@UiO-66/poly-CD, especially at small
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Jea; this feature is consistent with the typical characteristic of a
pseudocapacitive material.*® By utilizing the discharged time in
each curve, the area capacitance at each J.q was estimated, and
the values are plotted in Fig. 3(c). The area capacitance reaches
8.2 mF cm > when a J.q of 0.075 mA cm™? is applied. An
impedance study was also performed (see discussion regarding
Fig. S11 in the ESI¥). A long-term charge-discharge experiment
was then conducted for the PANI@UiO-66/poly-CD membrane
electrode (Fig. 3(d) and Fig. S12, ESIt). Except for the slightly
increased capacitance during the first 100 cycles, presumably
owing to the swelling of PANI during the electrochemical
process,”> the capacitance of PANI@UiO-66/poly-CD is
fairly stable during 1000 cycles of the GCD process at a J.q4 of
0.5 mA cm ™ ?; the area capacitance is still 91% of that achieved
during the first cycle after 1000 cycles of the GCD process. The
comparison between PANI@UiO-66/poly-CD and some reported
MOF-based capacitive materials is shown in Table S1 (ESIY).
In summary, UiO-66 nanocrystals can be grown on the
membrane composed of poly-CD fibres with a high coverage, and
the subsequent polymerisation of ANI in an HCI solution can be
performed within the grown MOF crystals. The UiO-66 crystals not
only provide the nanopores for the formation of high-surface-area
pore-confined PANI, but also enhance the mechanical stability of
the membrane. The resulting membrane of PANI@UiO-66/poly-CD
can be used as a free-standing electrode in aqueous HCI electrolytes
towards use in supercapacitors. Ongoing work is focused on the use
of water-stable MOF/poly-CD membranes for other applications like
separation as well as the development of such electrically conductive
MOF-based fibrous membranes for wearable energy-storage devices.
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