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Sodium-ion batteries (NIBs) are emerging as promising devices for
energy storage applications. Porous solids, such as metal—organic
frameworks (MOFs), are well suited as electrode materials for
technologies involving bulkier charge carriers. However, only lim-
ited progress has been made using pristine MOFs, primarily due to
lack of redox-active organic groups in the materials. In this work a
azo-functional MOF, namely UiO-abdc, is presented as an electrode
compound for sodium-ion insertion. The MOF delivers a stable
capacity (~100 mA h g~%) over 150 cycles, and post-cycling char-
acterisation validates the stability of the MOF and participation of
the azo-group in charge storage. This study can accelerate the
realisation of pristine solids, such as MOFs and other porous
organic compounds, as battery materials.

Energy storage devices are gaining ever greater prominence in
the quest for global energy security." In this regard, Na-ion
battery (NIB) technology promises to contribute significantly
owing to the greater abundance of sodium and its widespread
availability, and subsequent lower costs.>? Although the chem-
istry of NIBs is similar to lithium-ion batteries (LIBs), direct
transition of electrode materials is found to be unfeasible.* For
instance, on the anode side, graphite and some inorganic
solids are less suited for NIBs because of issues of incompat-
ibility or large volume expansion.>® This has opened the scope
for investigating other classes of electrode materials.
Materials based on small, redox-active organic molecules
have commanded greater attention in recent years on account
of sustainable raw materials, tuneable structures and properties,
and relative ease of synthesising the active phase.”® The domain
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of organic compounds for charge storage in rechargeable batteries
is widening with several functional groups, such as carbonyl, azo,
imine etc.'® being identified as suitable candidates. However,
small organic molecules or alkali-metal coordination polymers
are seen to lack long term cycling stability and are usually not
porous enough for rapid and reversible insertion of bulky species,
such as sodium-ions.

Metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs) have emerged as attractive class of func-
tional porous materials, which are built from organic mole-
cules. Typically, porous architectures are favourable for charge
storge applications as they offer fast ion diffusion and ability to
insert ions with little change in volume."*™* For battery appli-
cations, MOFs, which are long-range network solids containing
metal units or clusters and connected by multi-dentate organic
ligands, have previously been tested as pristine compounds,
composites, or derived solids.’*'> Among them, MOF-derived
materials have thus far caught most attention as electrode
materials. By identifying MOFs containing the appropriate
building units, there is plenty of scope for the rich and growing
library of MOFs to be used for charge storage applications."®
Successful implementation of this approach will not only
deliver an outline to design such compounds with higher
specific capacities, but also save an additional energy-
intensive processing step for conversion or functionalisation.

Azo-functionalised organic molecules are reported to store
charge by insertion of two Na-ions per active site."” > From the
perspective of MOF chemistry, such a functional group as part
of the organic ligand should not be too close to the coordina-
tion bond forming groups or the dense SBUs (secondary build-
ing units). This would allow their participation in the redox
reactions to boost the achievable capacities. To test this
hypothesis and tap into the domain of porous MOFs with
functional linkers for charge storage, herein we study an azo-
functionalised Zr(wv)-based MOF, namely UiO-abdc (where,
abdc stands for 4,4’-azobenzene dicarboxylate) (Fig. 1a), as
electrode material in sodium-ion batteries. The selection of
UiO-abdc was also influenced by its chemical stability and
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Fig. 1 (a) Packing diagram for UiO-abdc (Refcode for the crystal struc-
ture: MAFWEY .24 H-atoms are omitted for clarity. Colour codes: C, grey; O,
grey; N, bright blue; Zr, sky blue). (b) PXRD pattern (Mo K,4) for the as-
synthesised phase (red), compared to the calculated profile (grey) and
(inset) SEM image of a single particle of UiO-abdc.

robust mechanical properties.”>>® The MOF exhibited stable
cycling at low current rates and the sodium-ion insertion/
deinsertion was characterised using several techniques to
understand the role of azo-group for charge storage.

UiO-abdc was prepared using a previously reported
method.”® The agreement of the PXRD (powder X-ray diffrac-
tion) pattern with the calculated profile validated the formation
of the target material (Fig. 1b). The FT-IR (Fourier transform
infrared) spectrum for UiO-abdc comprised of signals present
in the linker (Fig. S1, ESIt). SEM (scanning electron micro-
scopy) images exhibited the formation of micron-sized particles
with the typical octahedron morphology (Fig. 1b inset, S2). The
TGA (thermogravimetric analysis) profile followed the pre-
viously observed® thermal stability (~450 °C) for this com-
pound (Fig. S3, ESIt). Low temperature N, adsorption (77 K)
also validated the successful synthesis with a calculated BET
area of 2838 m” g~ ' (Fig. S4, ESIY), that corroborated well with
the previous report.>® The pristine MOF was found to have
Raman-active vibrational modes (Fig. 3a). Solid-state NMR -
proton 'H and carbon *3C, further validated the formation of
the target material, with the presence of anticipated signals
corresponding to the organic linker (Fig. S13 and S14, ESIY).
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The pair of relatively narrow peaks at ~7.8 ppm in the 'H
spectrum for the pristine powder correspond to the protons
attached to the aromatic rings. The region 0-4 ppm contained a
collection of peaks at ~0.4 ppm and a peak at 3.3 ppm. Protons
of Zr-OH groups have been assigned for similar MOFs to the
region 0-3 ppm.>”*® The *C spectrum for the pristine powder
contained five main peaks, as expected for the number of
chemically distinct sites in the linker. There is some broad-
ening at the base of the narrow peaks. This could be due to
disorder/motion of the linker, or free linker. The 5 peaks have
isotropic chemical shifts d;5, of 171.6, 154.9, 135.8, 129.8, and
121.2 ppm, which can be assigned to COO ™, CN, C(COO), CH,
and CH, respectively.

To test the electrochemical behaviour of UiO-abdc, electro-
des were prepared by grinding MOF powders with conductive
carbon (Super C65) and using a water-soluble binder, carbox-
ymethyl cellulose (CMC), in a ratio of 6:3:1 respectively. SEM
images of this phase showed the presence of well distributed
MOF crystallites anchored within the carbon matrix (Fig. S5,
ESIt). The Raman spectrum also validated the retention of
signals from the MOF upon preparation of electrode (Fig. 3a).
Likewise, both "H and C NMR spectra showed presence of
all the signals from the pristine solid in the electrode phase
(Fig. S13 and S14, ESIf).

Initially, galvanostatic charge-discharge cycling was carried
out at a current density of 10 mA g~ *. A capacity of 180 mAh g™ *
was observed in the first discharge (Fig. S6, ESIt). A significant
irreversible capacity was noticed for the first cycle (Fig. S6,
ESIt), which could be ascribed to the formation of solid-
electrolyte interface (SEI) layer and irreversible insertion of
Na-ions in the carbon.?® Thereafter, a stable discharge capacity
of ~100 mA h g~ was observed over 150 cycles, with high
Coulombic efficiencies (Fig. S7, ESIt). The voltage curves com-
prised of a short plateau between 1.2 to 1.7 V (Fig. S6, ESI{), and
the differential capacity plot for the initial cycles further con-
firmed the participation of the azo-group'” for charge storage
with a prominent redox couple (Fig. 2a and Fig. S8, ESIT). The
remaining voltage trace had a sloping profile with another
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Fig. 2 (a) Zoomed plot of differential capacity for UiO-abdc in 3rd cycle obtained at a current rate of 10 mA g™ (b) Rate performance for UiO-abdc,

cycled 5 times at each different current rate.
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plateau at lower potential (Fig. S6 and S8, ESIT). This indicates the
participation of the porosity from the MOF for inserting excess
ions as well as contribution from the conductive additive. It has
previously been observed that UiO-based MOFs with no redox-
active nodes are able to reversibly insert alkali metal ions to a
limited extent.** Also, based on the cell prepared using only the
conductive carbon and binder (Fig. S9, ESIt), partial contribution
from the additive could be ascribed towards the total capacity.

To examine the electrochemical behaviour further, the elec-
trodes were also cycled at 25 mA g~ '. The second cycle dis-
charge capacity was ~88 mA h g~ " which remained stable over
150 cycles, with stable Coulombic efficiencies (Fig. S10, ESIT).
The rate performance was tested by cycling the cell from
10 mA g ' up to 1 A g~ ' (Fig. 2b). It is worth noting that all
the initial capacity was fully recovered when the current was
reduced back to 10 mA g~ ' after cycling at a very high current
density (1 A g™ "). Although there is scope to improve the
achievable specific capacities, relative to benchmark solids,
the cycling stability and smooth rate capability further endorses
the potential of functional pristine MOFs.

Subsequently, the MOF was characterised post-cycling by
multiple techniques. The ex situ PXRD patterns after the first
discharge and first charge validated the retention of the frame-
work and absence of any crystalline decomposition products
(Fig. S11, ESIt). The SEM images after 1 cycle showed retention
of octahedron shaped crystallites. After 5 cycles, the PXRD
pattern further reinforced the structural integrity, which was
also supported by the SEM images of the corresponding phase.
To further probe the material after cycling, ex situ Raman
spectroscopy was employed. Although the strong stretching
peak for the N—=N bond"’ is masked, a discernible decrease
in the intensity for peaks at 927 cm ™' and 1182 cm ' was
observed upon first sodiation (Fig. 3a). Interestingly, after
charging up to 2.5 V, the peaks fully reappeared suggesting
complete reversibility of Na-ion insertion within the material.
The other peaks present in the pristine material were found to
be relatively unchanged at both the steps. To better understand
the changing vibrational modes, a test molecule resembling the
linker in UiO-abdc was optimised using DFT and a simulated
Raman spectrum was generated for it (Fig. S12, ESIY).
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Fig. 3 (a) Raman spectra for UiO-abdc, dried electrode before cycling,

after 1st discharge (0.01 V) and after 1st charge (2.5 V) [laser source —
532 nml. (b) 2*Na MAS NMR spectra (12.5 kHz MAS, 9.4 T). From bottom to
top: electrode after 1st discharge, electrode after 1st charge, MOF soaked
in electrolyte then washed, blank (no MOF) after 1st discharge.
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The two peaks at 914 cm™ " and 1178 cm™ ' in the simulated
pattern mainly relate to the vibrations involving the C-C bonds
in the phenyl rings, which consequently cause the motions for
the C-N bond. In the predicted pattern for the sodiated form of
this molecule, the above peaks of interest reduce in intensity.
The decrease in intensities can be correlated to the corres-
ponding changes in the profile for UiO-abdc upon sodiation,
that are linked to the locked motion of the azo group.

Solid-state NMR spectroscopy was also performed for sam-
ples post-cycling. The 'H spectra broadened after cycling,
indicating variation in the local environment (Fig. S13, ESIf).
This could arise from disorder of the linker, due to the presence
of sodium and its effect on the structure, or the presence of
paramagnetic radical groups in the structure which have pre-
viously been observed during lithiation of organic anodes.*
Additional peaks in the region 0-4 ppm are likely to be from
residual electrolyte/SEIL As for the 'H spectra, the peaks in *C
spectra broadened indicating variation in the local environ-
ment (Fig. S14, ESIT). The **Na MAS NMR spectra for the cycled
electrodes showed two overlapping peaks and were similar for
the two states of charge (Fig. 3b).

The 1st discharge spectrum with proton decoupling had some
differences to that, with a small additional feature, indicating an
additional sodium environment, that is more associated with
protons, of those in the MOF framework. **Na spectra were also
recorded for the 1st discharge of a cell without the MOF and a
MOF sample soaked in the electrolyte and washed. These showed
that some Na is retained from residual electrolyte, although much
lower signal intensity than for the other samples, and peak
maximum moved to lower chemical shift. This suggests that some
of the **Na signal observed in the spectra for the MOF electrode
powders relates to sodium inserted (or adsorbed) into the con-
ductive carbon, or SEI/electrolyte, which is irreversible or present
upon cycling regardless of state of charge.

In summary, the potential of pristine MOFs having only an
azo-functionalised organic ligand, as electrode materials is
demonstrated in a Zr(iv)-based MOF - UiO-abdc. The electrode
delivered a stable moderate capacity of ~100 mA h g' over 150
cycles at a low current rate. Detailed characterisation using
ex situ Raman and solid-state NMR spectroscopy further rein-
forced the participation of the azo group and pores in the MOF
for charge storage. We believe that these findings will enable
further exploration of the rich library of MOFs as battery
electrode materials and propel research on functional porous
organic solids.
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