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Discovering revolutionary cathode materials for lithium ion
batteries (LIBs) with a high power/energy density to confront
the existing energy, economic, and ecologic crises is one of the
persistent challenges in materials research.! The most
promising olivine phosphate LiMPO, electrode materials
(M=Fe, Mn, or Co)? have already attained maximum
capacity through the development of new synthetic methods,
such as downsizing,”! conductive wiring,®>* and doping.”!
Recently, hierarchical olivine-based materials produced by
soft synthetic strategies have been shown to have higher bulk
density, superior performance at high rates, and better cycling
stability.”! Besides commercialization of olivine phosphates,
current research is also focused on enhancing the perfor-
mance of LIBs for high-current applications by developing
new electrode materials. Many alternative candidates, such as
Li;M,(PO,),," Li,MSiO,,® LiMSO,F”! LiMBO,!'*! (M =
Fe, V, Mn, Co, etc) LiVOPO,M LiVPO,F™ and
Li,FeP,0, have been pursued as cathode materials.
Further to these inorganic materials, new organic[“] and
metal-organic framework!” (MOF) materials have also
shown promise as electrode materials for LIBs. The major
challenges ahead in the utilization of MOFs as electrode
materials for LIBs are the high molecular weight, low density,
difficulty of synthesizing large quantities, and challenging
isolation of robust MOFs with redox-active metal centers,
compared to inorganic materials.'>*? These drawbacks may
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delay their utilization and commercialization as cathode
materials.

For this reason, it is worthwhile to investigate energy
storage in an entirely new class of phosphate-based hybrid
materials.'® Metal organic-phosphate open frameworks
(MOPOF) are hybrid materials with multidimensional archi-
tectures constructed from transition-metal phosphates cross-
linked by simple organic linkers, which in turn can encapsu-
late a diverse range of alkali ions (Li*, Na*, and K*) between
the layers.

Though MOPOFs are well known for their structural
diversity and for conventional industrial applications, such as
redox reactions, catalysis, gas storage, and MRI contrast
agents, these materials have not been investigated as energy
storage materials."”! The presence of mixed organic oxalate
and inorganic phosphate anions is expected to enhance the
redox properties of the transition-metal ions, provide robust-
ness to the material, and reduce the synthesis temperature
required, along with the versatility offered by the organic
ligands. Furthermore, the synthetic simplicity of MOPOFs
with redox-active metal centers and the possible two-dimen-
sional migration pathways for M" ions (deduced from careful
analysis of the packing patterns of the reported crystal
structures) motivated us to investigate these MOPOFs as
cathode materials for LIBs. Herein, we disclose for the first
time the lithium storage performance of MOPOFs
K, 5[(VO),(HPO,), 5(PO4)ys(C,04)], 1, Nay[(VO),(HPO,),-
(G,04)], 2, and the KLi[(VO),(HPO,),(C,0,)], 3.

Hydrothermal treatment of an aqueous solution of
H;PO,, V,0s, and K,C,0, at 120°C resulted in bluish-green
plates of 1 (See Supporting Information, Figure S1). The
single-crystal X-ray structure of 1 reveals that the asymmetric
unit is composed of one formula unit K,s[(VO),(HPO,), s
(PO4),5(C,04)]4.5H,0. The VY atom has a distorted VO,
octahedral core comprised of O atoms from three different
HPO,~ and PO, groups, two O atoms from a chelating
oxalato (C,0,)*" anion, and one oxo ligand with a short V=0
bond (1.59 A). Three vanadium octahedra are corner-shared
by tetrahedral HPO,> /PO,’~ anions and vice versa to form
infinite chains of [(VO)(HPO,),s(PO,),s] (see Supporting
Information, Figure S2). The vanadium atoms in the adjacent
chains are connected by bridging C,0,”” anions and thus
results in an anionic layer of [(VO),(HPO,),s(PO,),s-
(C,0)]*°" in the ab plane, as shown in Figure 1. The two-
dimensional layers are interleaved by K" ions and H,O
molecules (see Supporting Information, Figure S3). The
oxidation state of vanadium as V' is supported by the
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Figure 1. A perspective view of the layered structure of 1 (H and K
atoms are omitted for clarity). V green, P orange, O red, C black.

presence of 2.5 crystallographically different K* ions, and the
charge is balanced by 1.5 HPO, and 0.5 PO, anions.

The bond-valence calculation of the V atoms of 1 shows
the presence of only VIV (IV oxidation state =4.07 and 4.09)
and supports the assigned molecular formula K,s[(V™VO),-
(HPO,),5(PO,)5(C,0,)]-4.5H,0.18  X-ray photo-electron
spectroscopy (XPS) studies further confirmed the oxidation
state of vanadium atoms as V'Y, and the characteristic binding
energies of V, K, P, and O elements are presented in
Supporting information, Figure S4.

The K1 and K2 cations located in the interlayer space
possess facile two-dimensional migration pathways in the
ab plane (Figure 2). Interestingly, the existence of channels
along the c axis favors the migration of K" ions in the third

Figure 2. Packing pattern of 1 viewed along the a axis. Green VO,
octahedra, orange PO, tetrahedra, black oxalato C atoms, purple K1,
pink K2, blue K3. Hydrogen atoms are omitted for clarity.
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dimension also (see Supporting Information, Figure S3). On
the other hand, these channels may further assist the diffusion
of alkali ions/Li" ions in the ¢ direction (which is occupied by
aqua ligands) and promote the subsequent extraction of
K" ions in the ab plane. The prevailing robustness of the
anion shows that it is possible to substitute K* with Li* ions
and that these materials are appropriate for continuous
extraction and insertion of Li* ions when compared to the
available LiFePO, with a one-dimentional migration path-
way.”! The crystal density of the MOPOF material 1 is
2.425 gcm™, which outweighs the density of the reported
MOFs (MIL-53Fe 1.7 gcm™)* and the developing organ-
icl'**®! electrode materials. A sodium analogue Na,[(V'VO),-
(HPO,),(C,0,)]-2H,0 (2) with two environmentally different
Na atoms has also been synthesized by a modified procedure
and characterized (Supporting Information, Figure S5).2

Thermogravimetric analysis (TG) of 1 showed two-step
weight loss in the range 30-90°C (5% ) and 90-110°C (7 %),
owing to the complete removal of uncoordinated and
coordinated water molecules, respectively, in the crystal.
The compound 1 is thermally stable up to 300°C and oxalate
ligand is removed at 300-350°C (weight loss of 14 % shown in
Supporting Information, Figure S6).

The powder X-ray diffraction pattern (PXRD) of 1 after
dehydration, followed by ball milling with Super P carbon for
4 h, matched with the parent crystals. The lattice parameters
a=6366 A, b=9.131 A, and ¢ =14.620 A of the dehydrated
material, obtained from the Rietveld refinement (using
TOPAS R 2.1 software), were close to those of 1. This result
confirms that the removal of water and reduction of the
crystal size can be carried out without sacrificing the phase of
the crystal structure (see Supporting Information, Figure S7).
The galvanostatic charge—discharge profiles and capacity
versus cycle number plots (Figure 3 inset) of 1 are shown in
Figure 3, at a current density of 40 mA g~ (0.30 C) within the
voltage window of 2.5-4.6 V.
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Figure 3. Galvanostatic charge—discharge profiles (at cycles given) and
cyclability (inset) of dehydrated crystals of 1 at a current density of

40 mAg™' (0.30 C, where 1C=108 mAg™") in the voltage range of 2.5—
4.6 V. Theoretical specific capacity of 1 upon complete removal of 2 K*
ions is 108 mAhg'], from the structure.
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The first charge cycle shows a single flat plateau at 4.16 V,
which corresponds to the extraction of K* ions and resulted in
a charge capacity of 85 mAhg'. Subsequent discharge (re-
insertion of Li" ions into the 1 structure) occurs at 4.0 V, with
the reversible capacity of 66 mA hg™', corresponds to the one-
electron theoretical capacity.

It is believed that K' ions are extracted from the
framework upon charging. Generally, mixed Li/K intercala-
tion/deintercalation is expected from the first discharge cycle
and subsequent cycles. But with the increase in the ionic
mobility with respect to the decrease in ionic radius (rLi:
0.76 A, rK: 1.38 A), the Li*-ion-rich cell is expected to favor
the passage of Li* ions in the subsequent charge and discharge
cycles, rather than the heavier K* ion through the elec-
trode.'™2!! To understand the electrode kinetics, electro-
chemical impedance spectroscopy (EIS) studies were carried
out on electrodes made of 1. The comparative Nyquist plots
(Z' and -Z") of the cell during the first and fifth cycles in the
charged state are shown in the Supporting Information
Figure S8 and the fitted impedance values are summarized
in Table S1. The preliminary EIS results reveal that the
overall increase in impedance occurs as a result of the change
in voltage during the first charge cycle, which clearly indicates
the de-intercalation of K* ion from the host lattice. The slight
or marginal decrease of the overall impedance of the same
cell after the fifth cycle in the charged state (4.6V) in
comparison to the results of first cycle further supports the
exchange of Li* ions during discharge and the subsequent
structural modification during cycling. The improvement in
the Warburg lines (inclination) at low-frequency region of the
spectra (see Supporting Information, Figure S8b) strongly
suggests that the Li* ion diffusion conditions were improved
upon cycling (after the fifth cycle) because of the removal of
K* ions.”? The exsitu energy dispersive X-ray spectrum
(EDX) of the cycled electrode charged at 4.6 V, after careful
dismantling in the glove box, shows a decrease in the K/V or
K/P ratio to 0.45 compared to the ratio (K/V=1) in the bare
electrode. This further confirms the removal of K* ions in the
first cycle (see Supporting Information, Figure S9).

Further, the galvanostatic charge—discharge profiles show
that the successive lithium extraction occurs at slightly lower
voltage (3.98 V) than the first cycle (4.0V). The redox
potential values are higher than LiFePO, (3.5 V versus Li)
and similar to LiVOPO,'"® and LiVPO,F.'*! The small
hysteresis (AV) of 0.16 V (AV=voltage difference between
the charge and discharge curves) is indicative of the favorable
energetic reversibility of the alkali ion insertion/extraction in
1. Even though coulombic efficiencies of the first few cycles
are found to be poor, significant enhancement (93 %) has
been observed after ten cycles (see inset in Figure 3) and the
discharge capacity at the end of the 60th cycle is 59 mAhg™'.
The observation of a constant K/V ratio of 0.45 from EDX
after the 60th cycle supports the removal of one K* ion. A
similar voltage profile, with a discharge capacity of
50mAhg" at the end of the 30th cycle, was also observed
for 1 without ball milling, but the coulombic efficiency
achieved was only 72 %.

The cyclic voltammogram (CV) curves of 1 (see Support-
ing Information, Figure S10) show the anodic (Li extraction)

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and cathodic (Li insertion) peak voltages at 4.18 and 3.83 Vin
the potential range of 2.5-4.6 V versus Li and are in agree-
ment with the charge—discharge curves (Figure 3). These main
peak voltage values corroborate the V#** redox couple. To
ascertain the electrode composition under charge and dis-
charge states upon galvanostatic cycling, ex situ FTIR spec-
troscopy and PXRD experiments were carried out on several
replica cells after careful dismantling and cleaning in the
glove box. The exsitu FTIR spectroscopy studies on the
cycled electrodes after charging show characteristic carbox-
ylate (1645 cm ™) and phosphate bands (1108 and 1064 cm™';
see Supporting Information, Figure S11). This further sup-
ports the stability of 1 upon charging and discharging. The
peaks at 10° and 12° correspond to (010) and (002) planes of
1in the PXRD patterns of the charged (4.6 V) electrode after
60 cycles and exhibit the crystallinity and robustness of the
framework. The calculated lattice parameters of this sample
by Reitveld refinement are a =6.305 A, h=9.093 A, and ¢ =
14.699 A (see Supporting Information, Figure S12). Further
complementary studies like XPS and X-ray absorption
spectroscopy (XAS) techniques are needed to confirm the
oxidation state and electronic structure of the above cycled
electrodes. The lithium exchange experiments using 1 at room
temperature shows the formation of a lithiated complex
LiK[(VO),(HPO,),(C,0,)]-4.5H,0 (3). The elemental anal-
ysis shows the exchange of K*ions with Li* ions, and the
PXRD pattern of the lithiated analogue 3 matches with 1 (see
Supporting Information, Figure S13). This indicates the ease
of exchange of K* ion by Li* ion. The electrochemical cycling
curves of the chemically lithiated product, 3 and the
dehydrated Na analogue Na,[(VO),(HPO,),(C,0,)] (2)
under the same conditions (Figures S14,S15) show similar
voltage profiles with a discharge capacity of 55 and
60 mAhg™!, respectively, at the end of the 25th cycle, where
the theoretical capacity corresponding to the complete
removal of alkali ions is 116 mAhg . These results reiterate
the facile extraction of alkali ions from the MOPOF. The
anodic and cathodic peaks observed in the CV at 4.0 and
3.83 V correspond to the VIV/VY redox couple (see Support-
ing Information, Figure S16). Furthermore, the ex situ PXRD
patterns of the bare and cycled electrodes confirm again the
robustness of the material, and the EDX spectra show the
removal of Na'ions in the first cycle (see Supporting
Information, Figure S17,S18).

The reversible capacity of 1 at different C rates (0.4, 1, and
2 C) was about 68, 58, and 40 mA hg™" at the end of 60 cycles,
respectively. Cycling at greater than 0.6 C rate enhances the
coulombic efficiency to 99% with an increase in cycling
stability. The slight increase in AV upon increasing the C rate
indicates the rapid intercalation kinetics of the MOPOF
system and shows the ability of the material to achieve
excellent specific storage capacity (see Supporting Informa-
tion, Figure S19). Besides this, it should be mentioned that the
electrochemical characteristics of the samples stored under
ambient conditions for 8 months remain unchanged (see
Supporting Information, Figure S20). The crystallinity, phase
purity, and the sustainability in the performance of the
material illustrate the chemical stability of the oxalatophos-
phate systems.
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In summary, crystalline hybrid 4 V cathode materials with
open framework structures 1-3 have been synthesized in gram
scale. The feasibility of exchanging the K* with Li* ions was
demonstrated by the isolation and characterization of the
lithiated species 3. The systematic investigation of the
electrochemical performance of 1 demonstrates the facile
extraction and insertion of alkali metal ions. The preliminary
EIS studies of 1 and the results of the ex situ EDX spectra of
1-3 support that K™ ions are extracted in the first cycle and
further Li" ions are subsequently inserted/de-inserted. The
exsitu FTIR spectra and PXRD studies of the cycled
electrodes after charging at 4.6 V provided evidence for the
robustness of the framework structure. Detailed structural,
electrochemical, and kinetic studies will help to unravel the
complexity of the ion insertion/de-insertion process as well as
to improve the performance and optimization of these
materials. The possibility of tailoring the system with respect
to the choice of voltage and near-theoretical capacity by
varying the alkali metal, transition metal, organic ligands, and
polyanion moieties is expected to lead to better, cost-effective
cathode materials with new architectures. Nevertheless,
excellent structural features with facile migration pathways,
synthetic simplicity, reversible electrochemical activity,
cycling, and chemical stability of this MOPOF system pave
the way for employing these materials as an alternative
cathode material for commercial Li-ion cells. The MOPOF
system could also be applied to the emerging field of Na-ion
batteries, which is important because of the higher natural
abundance of Na compared to Li."?*?'2] Energy storage of
the MOPOF 2 in Na-ion cells will be discussed in a forth-
coming publication.

Experimental Section

1: A mixture of V,05 (0.590 g, 3.24 mmol), K,C,0, (1.40 g, 7.6 mmol),
and H;PO, (4.0 mL, 60.87 mmol) in the molar ratio of 1:2.3:21,
together with 10 mL of H,O was placed in a Teflon vessel and
sonicated for about 5 min. The vessel was then sealed tightly in
a stainless steel autoclave and placed in the oven. It was heated to
120°C over 1h, maintained for 35h, and cooled down to room
temperature for 18 h. The bluish-green precipitate, 1 was washed with
water and then dried under vacuum (Yield: 1.3 g, 75%). IR (KBr):
»=3162 (m), 1633 (m), 1399 (s), 1243 (w), 1100 (s), 1054 (w),
622 cm™!' (w). Elemental analysis calcd (%) for C,H;,50:55P,K,5V,:
C4.05, H1.79, P 10.46; found: C 4.15, H1.77, P 10.22. TG under N,
flow: calcd weight losses for 4.5-H,O and oxalate units are 13.7 and
14.9 %; found 11.8 and 14.1 %, respectively. Scaling down the reaction
by tenfold with the same volume of water (10 mL) resulted in the
isolation of bluish-green plate-like crystals suitable for single-crystal
X-ray structure determination.

Crystal data: 1: Triclinic space group Pl, a=6.3953(4), b=
9.1451(5), ¢=14.6208(9), a=97.269(1), [=91.351(1), y=
106.500(1), V=811.71(8), Z=2, pPoa=2423gcm>, u=
2.088 mm™!, T=223(2)K, R,=0.0593, wR,=0.1680, GOF =1.076
for 3378 reflections with I >20([).

Crystal data for 1 were collected on a Bruker APEX diffractom-
eter attached with a CCD detector and graphite-monochromated
Moy, radiation (A, 0.71073 A) using a sealed tube at 223(2) K.
Absorption corrections were made with the program SADABS,*!
and the crystallographic package SHELXTL™! was used for all
calculations. CCDC 836146 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
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