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Nanoarchitectured metal—organic framework/polypyrrole
hybrids for brackish water desalination using capacitive
deionization

The metal-organic framework/polypyrrole hybrids highlight
the first example of capacitive deionization electrodes derived
from metal—organic framework-based materials.

»

ROYAL SOCIETY
OF CHEMISTRY

Celebrating
2019

Materials
Horizons '

See Xingtao Xu, Tao Yang,
Yusuke Yamauchi et al.,
Mater. Horiz., 2019, 6, 1433.

N

rsc.li/materials-horizons

Registered charity number: 207890



Published on 30 April 2019. Downloaded on 4/26/2024 11:45:38 AM.

Materials
Horizons

W) Check for updates

Cite this: Mater. Horiz., 2019,
6, 1433

Received 25th February 2019,
Accepted 15th April 2019

DOI: 10.1039/c9mh00306a Yoshio Bando

rsc.li/materials-horizons

New families of materials that may potentially replace dominant
carbon electrodes have emerged as a major research hotspot in the
field of capacitive deionization (CDI). Here, we report a metal—
organic framework (MOF)/polypyrrole (PPy) hybrid, in which conductive
PPy nanotubes that are running through each MOF particle have
the potential to increase the overall bulk electrical conductivity,
thus promoting such a system as a good CDI electrode material.
Consequently, the MOF/PPy hybrid shows a high desalination
capacity of 11.34 mg g™, which is amongst those of state-of-the-
art CDI electrodes. Moreover, the MOF/PPy hybrid also shows a
superior desalination performance for brackish water and good
cycling stability, far exceeding typical carbon-based benchmarks.
This is the first example of CDI electrodes derived from direct MOF-
based materials, highlighting the potential of these hybrid systems
as promising materials beyond traditional carbon electrodes.
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New concepts

Capacitive deionization (CDI) is an emerging technology combining energy
storage and desalination based on electrical double layer theory. Previous
efforts towards promoting the practical implementation of CDI have mainly
focused on developing porous carbons that possess both good electrical
conductivity and high specific surface area. Unfortunately, porous carbons
have been shown to severely suffer from low desalination capacity and poor
cycling stability. Developing new families of CDI electrodes that could over-
come these drawbacks is highly desirable, and still remains in its infancy. In
this article, we first show that metal-organic frameworks (MOFs) could be
directly used as active materials in CDI without further carbonization. By
introducing highly conductive polypyrrole nanotubes into the poorly con-
ductive MOF patrticles, the electrical resistance of a bulk MOF electrode can
be effectively reduced to further improve the desalination capacity and
cycling stability of such a hybrid. It is believed that our work will not only
herald the advent of a new generation of CDI electrodes, but will also shed
light on new applications for MOFs.

Introduction

The scarce availability of freshwater is undoubtedly one of the
most critical problems of the 21st century, along with demographic
growth, climate change and environmental contamination.'® The
great demand of the population for affordable freshwater motivates
the emergence of a number of water desalination techniques,”*?
such as reverse osmosis, thermal distillation, electrodialysis, and
capacitive deionization (CDI). Among them, CDI is a relatively new
approach based on ion separation using electrical double layer
(EDL) theory, with low energy consumption and no chemical
additives, and is therefore environmentally friendly."*"”
Generally, the performance of CDI is tightly bonded to the
electrical conductivity and specific surface area (SSA) of active
materials."® ' However, materials with both high electrical
conductivity and SSA are rare, as far as we know. The active
materials thus far used in CDI are various porous carbons,**™®
including activated carbon (AC), carbon nanotube (CNT),
carbon nanofiber (CNF), mesoporous carbon (MPC), carbon
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nanosphere (CNS), reduced graphene oxide (RGO), biomass-
derived carbon, and three-dimensional carbon architectures.
But recent studies have shown that carbon electrodes can be
easily oxidized during the CDI process,*® which usually leads to
poor cycling stability and limits their large-scale use. To
address these issues, an effective solution is to explore new
families of active materials that could make the best of both SSA
and electrical conductivity. Metal-organic frameworks (MOFs)
are one class of materials with high porosity far exceeding those
of porous carbons.’>*? Although the SSAs of MOFs have been
reaching values up to ~7000 m”> g~ *,** the use of MOFs in CDI
applications has been restricted to the role of precursors for
porous carbons via pyrolysis,*° because of their poor electrical
conductivity.

Here, we investigate for the first time a CDI electrode based
on a MOF/polypyrrole (PPy) hybrid, in which conductive PPy
nanotubes are running through MOF particles, thus reducing
the overall bulk electrical resistance. The MOF/PPy hybrid was
synthesized through a simple and mild procedure by utilizing
conductive PPy nanotubes as nucleation centers for in situ MOF
crystal growth. Consequently, the MOF particles are inter-
connected through the conductive PPy nanotubes, yielding a high
desalination capacity of 11.34 mg g~ '. These results describe
the first example of using MOFs directly in CDI electrodes
without further carbonization, showcasing their potential in
such applications.

Results and discussion

As a typical example, the famous zeolitic imidazolate framework-67
(ZIF-67) was selected for preparing the MOF/PPy hybrid in this work.
The synthetic procedure is schematically illustrated in Fig. 1, and
the detailed experimental process is described in the ESLT Firstly, a
certain amount of the pre-synthesized PPy nanotubes is uniformly
dispersed into a Co(NO3), methanolic solution under ultrasonica-
tion. In this stage, the PPy nanotubes effectively adsorb the free Co®*
ions via electrostatic attraction,* and serve as nucleation sites for
ZIF-67 crystals after further slow addition of a 2-methylimidazole
(2-MeIM) methanolic solution. After 24 h reaction, the as-prepared
ZIF-67/PPy hybrid can be directly used as a CDI active material.
The structure and morphology of the ZIF-67/PPy hybrid were
characterized using a field-emission scanning electron micro-
scope (FESEM) and transmission electron microscope (TEM).
Fig. S1a (ESIT) exhibits the interconnected network structure of

,é 2-MeIM

PPy nanotubes/Co** ZIF-67/PPy hybrid

Fig. 1 Scheme illustrating the synthetic procedure of a ZIF-67/PPy hybrid.
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200 nm

Fig. 2 (a and b) FESEM, (c) TEM, and (d) HAADF-STEM images of the ZIF-67/
PPy hybrid. The inset of (a) shows the ZIF-67 particle size distribution.

the as-prepared PPy nanotubes. The diameter distribution is
shown in the inset, with an average diameter of 230 £+ 78 nm.
The Fourier-transform infrared spectrum (Fig. Sib, ESIY)
further confirms the high purity of the as-prepared PPy nano-
tubes. Subsequently, these nanotubes were used as substrates
for growing ZIF-67 particles by the sequential addition of Co**
ions and 2-MeIM (Fig. 2). Unlike the ZIF-67 particles, the ZIF-67/
PPy hybrid benefits from the PPy nanotubes’ three-dimensional
network, interconnecting each MOF particle (Fig. 2a and b). The
particle size distribution is shown in the inset of Fig. 2a, with an
average size of 1.49 + 0.28 pm. The TEM (Fig. 2c) and high-angle
annular dark-field scanning TEM (HAADF-STEM, Fig. 2d)
images further reveal that the ZIF-67/PPy hybrid is composed
of well dispersed ZIF-67 polyhedra intertwined with the PPy
nanotubes. In this structure, the PPy nanotubes run throughout
the ZIF-67 crystals, serving as bridges for electrons to transfer
between the MOF particles.*'**

The crystal structures of the PPy nanotubes, pure ZIF-67, and
ZIF-67/PPy hybrid were first characterized by powder X-ray
diffraction (XRD, Fig. 3a). The PPy nanotubes exhibit an amor-
phous nature with a broad hump corresponding to their repeating
unit (.e. pyrrole ring), indicating a highly oriented polymer chain.”?
The typical sharp diffraction peaks of both ZIF-67/PPy and pure
ZIF-67 match the simulations, showcasing the high crystallinity of
the MOF. In addition, no obvious diffraction peaks of the PPy
nanotubes have been observed in the XRD pattern of ZIF-67/PPy.
Only at excessively high PPy contents (increased up to 8-fold), an
amorphous peak will be observed (Fig. S2, ESIf). N, adsorption/
desorption isotherms were acquired to characterize the SSAs of the
PPy nanotubes, pure ZIF-67, and ZIF-67/PPy hybrid (Fig. 3b). The
SSA of the ZIF-67 particles decreases from 1719.6 to 1176.8 m”> g~ *
after forming the hybrid with the PPy nanotubes, which can
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Fig. 3 (a) XRD patterns and (b) nitrogen sorption isotherms of the PPy
nanotubes, ZIF-67 and ZIF-67/PPy hybrid.

be expected since the SSA of the pure PPy nanotubes is only
16.9 m> g "

Combining the high porosity and uniform micropores of
ZIF-67 with the good electrical conductivity of PPy nanotubes
makes such a hybrid a promising candidate for electrode
materials. Electrochemical measurements were performed in
a three-electrode configuration which utilizes an aqueous 1 M
NaCl electrolyte, at a scan rate of 10 mV s ' and in a potential
window range of —0.2 V to 0.8 V (vs. Ag/AgCl). All cyclic
voltammetry (CV) curves are rectangular-shaped with no evidence
of redox peaks, indicating a typical capacitive behaviour (Fig. 4a).
Additionally, the current density of the ZIF-67/PPy hybrid is much
higher than those of the PPy nanotubes and ZIF-67, likely due to its
superior capacitive properties.
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Fig. 4 Electrochemical performances of the PPy nanotubes, ZIF-67 and
ZIF-67/PPy hybrid. (a) CV curves. (b) Nyquist impedance spectra. (c) Specific
capacitances vs. scan rates. (d) Specific capacitance vs. mass loading of the
ZIF-67/PPy hybrid.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Communication

Electrochemical impedance spectroscopy provides a useful
way to study the intrinsic mechanisms responsible for improving
the capacitive properties of the ZIF-67/PPy hybrid electrode. The
Nyquist plots of all samples comprise a linear feature in the low
frequency range and a small semicircle in the high frequency
region (Fig. 4b). The charge transfer resistance (R., obtained
from the diameter of the semicircle) values of the samples are
presented in Table S1 (ESIt). While the PPy nanotubes show a R,
of 0.62 €, the resistance of ZIF-67 decreases from 3.20 to 1.32 Q
after hybridization, which is beneficial for faster charge transfer
and greater charge storage within the electrode.

The specific capacitances vs. scan rates of all samples are shown
in Fig. 4c. The ZIF-67/PPy hybrid shows a superior capacitance
compared to the PPy nanotubes and pure ZIF-67 at the same scan
rate, which can be ascribed to their low R, and relatively high SSA
for ion adsorption. We also note that increasing the mass loading in
the ZIF-67/PPy hybrid (Fig. 4d) results in a decrease of the specific
capacitance, possibly due to the lower utilization efficiency of
the active materials and the poorer electrical conductivity with
the increase of mass loading.*!

In general, high porosity and good electrical conductivity are
two key factors in achieving high desalination capacity.** To
study the desalination performance of our hybrid material, a
CDI cell was assembled with two pairs of ZIF-67/PPy electrodes,
and the performance was measured in 50 mL of aqueous NaCl
solution with a starting concentration of 584 mg L' (corres-
ponding to ~10 mM) at 1.2 V. For comparison, CDI cells based
on the PPy nanotubes and pure ZIF-67 were also built and
characterized under identical conditions. As shown in Fig. 5a,
once the operation voltage was fixed, the concentration of the
NaCl solution decreased sharply before reaching a constant
plateau. From eqn (S2) (see the ESIt), the desalination capacity
of the ZIF-67/PPy hybrid is calculated to be 11.34 mg g~ ', which
far exceeds those of the PPy nanotubes (6.92 mg g~ ) and pure
ZIF-67 (3.82 mg g~ ). Such desalination capacity competes with
those of state-of-the-art CDI electrodes (Table S2, ESI'), highlighting
the potential of this hybrid. Fig. 5b shows that the ZIF-67/PPy hybrid
exhibits a CDI Ragone plot that shifts towards higher desalination
rates and capacities than for the PPy nanotubes and pure ZIF-67.

Experimental adsorption kinetics are compared to pseudo-
first- and pseudo-second-order kinetic models in Fig. S3 (ESIf),
respectively, and the results are presented in Table S3 (ESIT).
Only the pseudo-first-order kinetic model fits the experimental
data of the ZIF-67/PPy hybrid well, and the corresponding rate
constant is 0.189, higher than that of ZIF-67 (0.163), likely due
to the fast access of ions onto the surface through the inter-
connected structure.*” Furthermore, the desalination capacity
of the hybrid clearly increases as the NaCl concentration is
varied from 1 to 10 mM (Fig. 5c). The ability of the hybrid to
capture other metal ions (e.g. Na*, K*, Mg?*, and Ca®") is also
investigated. Under the same conditions (10 mM, 1.2 V), the
electrosorption ability of the ZIF-67/PPy hybrid follows the order
Ca** > Mg”" > K* > Na* (Fig. 5d), possibly due to the combined
effects of ionic charge and hydrated radius.*®

To evaluate the practicability of our hybrid for brackish
water desalination, a CDI cell with ten pairs of ZIF-67/PPy

Mater. Horiz., 2019, 6, 1433-1437 | 1435
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electrodes was further studied in saline solution (~1530 mg L ™).
Typical carbons, such as AC (SSA: 2000-2500 m”> g~ '), CNT (outer
diameter: 10-20 nm, inner diameter: 5-10 nm, length: 10-30 pm,
SSA: >200 m® g '), CNF (diameter: 400-500 nm, SSA:
~850 m> g '), MPC (pore diameter: 3.8-4 nm, SSA:
>900 m” g '), CNS (diameter: 300-400 nm, SSA: ~450 m> g "),
and RGO (SSA: ~450 m”> g '), were also investigated for
comparison. The hydrophilicity of all samples was studied, as
shown in Fig. S4 (ESIt). Interestingly, the hydrophilicity of the
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Fig. 6 (a) Salt concentration variations and (b) the corresponding desalination
capacities of the ZIF-67/PPy hybrid along with typical carbon materials: AC,
CNT, CNF, MPC, CNS, and RGO. (c) Cyclic concentration variation of a ZIF-67/
PPy hybrid-based CDI cell.
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ZIF-67/PPy hybrid electrode is comparable to those of the other
typical carbons, which is highly desirable for CDI application.
Moreover, the ZIF-67/PPy hybrid shows a higher desalination
performance (Fig. 6a and b) and superior cycling stability with-
out obvious degradation after 100 cycles (Fig. 6c).

Conclusions

In summary, a ZIF-67/PPy hybrid was prepared and employed
as a CDI electrode material for the first time. It combines the
high porosity and regular micropores of ZIF-67 with the high
electrical conductivity of the PPy nanotubes, which thus endow
the ZIF-67/PPy hybrid with a high desalination capacity of
11.34 mg g~ ', competing with the best-performance CDI electrodes.
As a result of a practicability test, the ZIF-67/PPy hybrid-based
CDI cell exhibits a superior desalination performance for high-
concentration saline water, along with good cycling stability, far
exceeding the typical carbon-based benchmarks.
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