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ABSTRACT: Electrode materials exploiting multielectron-transfer processes
are essential components for large-scale energy storage systems. Organic-
based electrode materials undergoing distinct molecular redox trans-
formations can intrinsically circumvent the structural instability issue of
conventional inorganic-based host materials associated with lattice volume
expansion and pulverization. Yet, the fundamental mechanistic understanding
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of metal—organic coordination polymers toward the reversible electro- S Reversibility €
chemical processes is still lacking. Herein, we demonstrate that metal- » s
dependent spatial proximity and binding affinity play a critical role in the (f of °) . ("& X \: 3
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reversible redox processes, as verified by combined °C solid-state NMR, X- TR AT A AT A
ray absorption spectroscopy, and transmission electron microscopy. During o a0 {00
the electrochemical lithiation, in situ generated metallic nanoparticles LR %) (Y 2(, %)

dispersed in the organic matrix generate electrically conductive paths,

synergistically aiding subsequent multielectron transfer to z-conjugated

ligands. Comprehensive screening on 3d-metal—organic coordination polymers leads to a high-capacity electrode material,
cobalt-2,5-thiophenedicarboxylate, which delivers a stable specific capacity of ~1100 mA h g~' after 100 cycles.
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1. INTRODUCTION

The reversible topotactic transition of two-dimensional
inorganic compounds through the intercalation chemistry is
the most extensively investigated redox process.' However, the
limited storage capacity cannot meet the emerging demands of
the future society. Alloying process that enlists groups 14 or 15
elements (e.g., Si, Ge, Sn, and P) provides greater capacities by
accommodating multiple Li.”” However, it often accompanies
low electronic conductivity, slow kinetics, large lattice strains,
repeated solid electrolyte interphase (SEI) exposure, pulveriza-
tion, and capacity loss. In particular, the Park group introduced a
high-capacity anode material, SnTe, for sodium-ion or lithium-
ion batteries. This tin-based compound experiences unique
multistage phase changes associated with topotactic transition,
conversion, and alloying pathways.” Conventional conversion
materials, mostly based on inorganic materials, undergo
structural reorganization while forming metallic nanoparticles
embedded in a lithiated matrix (Figure 1a).”~"

Redox-active organic, organometallic, and coordination
compounds have been widely applied as electrode materials
thanks to their diverse synthetic strategies, wet-chemical
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processes, and readily tunable electrochemical properties.'™"®

However, dissolution of small organic molecules in electrolyte
solutions leads to severe capacity loss upon cycling. Several
synthetic approaches have been reported, including noncovalent
immobilization,"”"” polymerization,"*"® and macrocycliza-
tion.””*" The Tarascon group provided one avenue by exploring
inverse-Wiirster-type molecules (Figure 1b). This approach
intrinsically circumvents the dissolution penalty by adopting salt
structures.”” In addition, several research groups have reported
that binary metal—organic complexes can be applied as high-
capacity electrode materials for lithium-ion or sodium-ion
batteries, by co-utilizing transition-metal redox couples and
1223732 However, the role of
nanosized metallic clusters embedded in an organic ligand
matrix toward reversible electrochemical (de)lithiation has
remained unclear to date. Herein, we unravel the metal-
dependent solid-state redox reversibility of coordination

redox-active organic ligands.
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Figure 1. (a) Conventional conversion reaction of inorganic host
materials. (b) Redox chemistry of inverse-Wiirster-type molecules. (c)
This study: metal-dependent redox reactions of metal—organic
complexes.

polymer frameworks through the comprehensive screening of
the first-row transition-metal (3d-metal) cations and inverse-
Wirster-type molecules. This approach leads to a tailored
coordination polymer, cobalt-2,5-thiophenedicarboxylate,
which maintains an enhanced reversible capacity of ~1100
mA h g™ at a high current density of 500 mA g™

2. EXPERIMENTAL SECTION

2.1.Sample Preparation and Characterization. Mn, Fe, Co, Ni,
Cu, or Zn cation was coordinated with a terephthalate (TP) ligand in an
aqueous solution via salt metathesis reaction (see the Supporting
Information, section I). The crystal structure, number of hydrates, and
the thermal stability were estimated by powder X-ray diffraction (XRD)
and thermogravimetric/differential thermal analyses (TGA/DSC)
(Figures S1 and S2, Supporting Information). Fourier transform
infrared (FT-IR) spectra (Figure S3) revealed characteristic asym-
metric and symmetric carboxylate vibration peaks, v,, (1569—1535
cm™) and v, (1386—1359 cm™). Samples were vacuum-annealed to
remove crystal water at 150 °C before electrochemical investigations.

2.2. Electrochemical Tests. The activated material was mixed with
carbon black (Super P) and binder in a 4:3:1 weight ratio. The
electrochemical performance was evaluated using 2032 coin cells with a

lithium metal anode and 0.8 M LiPF, in ethylene carbonate/diethyl
carbonate (1:1, v/v) electrolyte solution. Galvanostatic experiments
were performed at 25 °C, and specific current densities of 100 or 500
mA ¢! were applied to electrode materials.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Properties of Conversion Materi-
als. Coordination polymer architectures comprising divalent
3d-metal cations and TP ligand have been chosen because of the
well-established synthetic protocols, cost effectiveness, and low
environmental impact (see the Supporting Information, sections
I & II). Figure 2 shows the potential profiles of anhydrous 3d-
metal TP samples at a current density of 100 mA g~'. It is
noteworthy that redox couples are located not only on the
transition metal but also on the inverse-Wiirster-type TP ligand,
as depicted in Figure lc. The potential profiles exhibited a
multistage electrochemical lithiation behavior: (i) an abrupt
potential drop at 1.0—1.4 V linked to the metal redox
couple,'»*>***73% (ji) a voltage plateau near 0.6—0.8 V
attributed to the carboxylate-to-enolate conversion,'>***¢~*
and (iii) a subsequent sloping profile associated with the
progressive vinyl-to-saturated bond conversion®” ™' of the
organic scaffold (see Figure 1b). The formation of SEI films
or electrically isolated islands brings irreversible capacity loss,"”
resulting in the low initial Coulombic efficiencies (CEs) (78.8%
for CoTP, 77.0% for NiTP, 62.5% for FeTP, 50.4% for CuTP,
46.9% for MnTP, and 32.5% for ZnTP). However, the CE
values reach close to 100% within a few cycles. Further cycling
displays different profiles as compared to the first cycle, typically
observed features for the conversion processes undergoing large
structural rearrangement.7’8

CoTP, FeTP, and NiTP delivered high reversible charge
capacities of 1155, 1143, and 1092 mA h g71 after 10 cycles,
respectively, whereas MnTP, CuTP, and ZnTP carried
relatively low specific capacities of 794, 604, and 511 mA h
g~!, respectively. Most samples showed stable cycle performance
(Figure 3a,b). Noticeably, lithiation-induced activation behavior
occurred for MnTP with gradual capacity drop. The rate
performance (Figure 3c) was further investigated, and the
discharge capacities of the active materials were recorded by
subtracting the Super P contribution (Figure SS). MnTP also
displayed the poorest rate capability, with a 26% retained
capacity with increasing current density from 100 to 2000 mA
g~'. FeTP, CoTP, and NiTP exhibited good capacity retention
ratios above 63%. Despite diminished capacities, CaTP and
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Figure 2. Voltage profiles of 3d-metal TPs at a current rate of 100 mA g~".
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Figure 3. Electrochemical performance of 3d-metal TPs: (a,b) cyclability at a current rate of 100 mA g™". (c) Rate capability (the unit: mA g*). (d)
Electrochemical dQ/dV plot: the first discharge at a current rate of 100 mA g~'. (e) Electrochemical dQ/dV plot: the first recharge at a current rate of

100 mAg_l.
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Figure 4. Synchrotron-sourced X-ray absorption spectroscopy (XAS) analyses of CoTP and CuTP. (a,b) dQ/dV plots for the first cycle. (c,d) Co K-
edge and Cu K-edge XANES patterns. (e,f) Co K-edge and Cu K-edge extended X-ray absorption fine structure (EXAFS) patterns. Dashed line
represents a metallic standard from Co or Cu foil.

ZnTP showed good rate performance in the range of 1000— To clarify the electrochemical behaviors, differential capacity

2000 mA g~

(dQ/dV) measurements were also carried out. During the first
lithiation step (Figures 3d and S6), FeTP, CoTP, NiTP, and
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Figure S. (a) HRTEM images of CoTP, FeTP, and NiTP at 0.0 V. (b) HRTEM images of CuTP, MnTP, and ZnTP at 0.0 V.

CuTP revealed characteristic M(II) reduction peaks at 1.02,
1.19, 1.26, and 1.30 V, respectively. Within the measured voltage
range, reductive peaks for MnTP and ZnTP were not observed,
presumably because of their shift to the lower potential region.
Subsequent reductive peaks (0.8—0.9 V) are originated from the
carboxylate-to-enolate transformation.”” During the delithiation
process (Figure 3e), enolate-to-carboxylate reconversion was
observed in a range of 0.74—1.04 V. The regeneration of M(II)
cations for FeTP, CoTP, and NiTP was found in the range of
1.55—1.84 V. On the basis of the dQ/dV analysis, the
polarization gap (40—260 mV) was much smaller than that of
the M(II)/M(0) redox couple (540—S80 mV), indicating
favorable redox kinetics of the carboxylate-enolate conversion. It
is noteworthy that additional capacity is observed in the range of
~1.5—3.0 V beyond the theoretical capacity estimated from the
M(1I)/M(0) redox couple, implying the concurrent involve-
ment of the aromaticity recovery process (see also Figure 2).
This asymmetrical redox route upon discharge/charge cycling is
linked with voltage hysteresis, the characteristic feature for the
conversion-type processes.*>** However, metal oxidative peaks
for MnTP, CuTP, and ZnTP could not be detected. To
elucidate the origin of the metal-dependent reversible
conversion process, high-capacity/reversible CoTP and low-
capacity/irreversible CuTP were selected as representative
models for comparison (Table S1, Supporting Information).

3.2. CoTP Versus CuTP: Spatial Proximity. Synchrotron-
sourced ex situ X-ray absorption near-edge structure (XANES)
analysis was applied to trace the valence state changes of CoTP
and CuTP on the basis of the redox peaks from the dQ/dV plots
(Figure 4a—d). The initial divalent state of CoTP was
determined from a weak pre-edge peak at 7710 eV, assigned
to the Is — 3d transition. This peak arises from either
noncentrosymmetric metal site or 4p—3d orbital mixing.*’
During the first discharge cycle, reduction to metallic cobalt was
undoubtedly evidenced by Co K-edge XANES, where the cobalt
foil was used as a standard.***” In the reconversion process
approaching 3.0 V, regenerated cobalt(II) oxidation states was
observed with slight changes in absorption-edge and pre-edge
peaks, implying disordered local environment.”” In sharp
contrast, CuTP displayed irreversible behavior under the same
electrochemical conditions.

Next, ex situ EXAFS study was conducted to unravel their
local coordination environments (Figure 4e). The radial
distance is given by radial distribution function, which is
uncorrected for phase shifts.** "> CoTP initially displayed a
strong Co—O bond. When the redox potential reached 1.1V, a
strong intermetallic Co—Co bond appeared together with the
Co—O bond. This indicates that metallic Co is still in close
proximity to the oxygen atom from carboxylates (i.e.,
homogeneously embedded Co particles in organic ligand
domains). No pronounced variations were observed until the
potential reached 0.0 V. Upon full delithiation up to 3.0 V
(reconversion step), the Co—Co metallic bond completely
disappeared and a similar spectrum resembling the pristine stage
was recovered. In contrast, the EXAFS pattern of CuTP upon
cycling was distinctly different, as shown in Figure 4f. The
intensity of the Cu—O bond became weaker, whereas a strong
Cu—Cu correlation appeared after passing through the first
reductive peak. At 0.0 V, the intensity of the Cu—O correlation
weakened, suggesting that metallic copper clusters were
segregated from the organic ligand matrix.”' During delithiation
up to 3.0 V, the spectrum was found to be largely irreversible,
where the Cu—Cu bond was mostly intact together with partial
recovery of the Cu—O peak. These EXAFS data unequivocally
indicate that the spatial arrangement of metallic clusters and
organic ligand plays an essential role in determining the
molecular structural reorganization and recovery.

To provide information on the spatial distribution of metallic
clusters, high-resolution transmission electron microscopy
(HRTEM) analyses (Figures S and S8) were conducted for
both CoTP and CuTP. After full lithiation to 0.0 V, the average
size of the metallic cobalt clusters (yellow circles) is about 2 nm.
These nanoparticles are well dispersed in the organic matrix. In
contrast, fully reduced metallic copper clusters show segregated
structures (yellow circles, ~20 nm in size). This compositional
inhomogeneity can disconnect segregated particles from the
organic ligand matrix. To evaluate the role of metal redox
process decoupled from organic redox chemistry, a parallel
comparison between CoTP and CuTP was conducted within
the potential range of 3.0—1.0 V (Figure S7). Although overall
capacity dramatically diminished, the cobalt complex showed
better reversibility than the copper complex. Additionally, the
metal-dependent binding energies were evaluated by applying
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Figure 6. (a) Metallic cluster sizes and solid-state electrochemistry. (b) Schematic illustration of solid-state electrochemical pathways: cobalt- vs

copper-molecular complexes.
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Figure 7. Electrochemical performance, XANES analysis, and HRTEM image of anhydrous CoTDC. (a) Voltage profile and cyclability at a current
density of 500 mA g™ (inset: cyclability). (b) Cyclic voltammogram of anhydrous CoTDC. (c) Co K-edge XANES pattern during the first cycle. (d)

HRTEM image at 0.0 V.

the density functional theory (DFT) model system on the basis
of metal cluster(s) and single TP ligand (for the details, see the
Supporting Information, section I-3). It is noteworthy that
cobalt clusters strongly coordinate with TP ligand, while
stabilizing the overall surface energy. In contrast, copper clusters
show less effective binding with the ligand, which can result in
their segregation of the clusters from the organic matrix and
solid-state irreversibility.

3.3. Classification of 3d-Metal TP Complex Systems.
After the initial observations on CoTP and CuTP, the remaining
metal—organic complexes (MnTP, FeTP, NiTP, and ZnTP)
were further explored. HRTEM images (Figures Sa and S10 in
the Supporting Information) of CoTP, FeTP, and NiTP at 0.0 V
typically show fine particles mostly below ca. 3 nm. On the other

hand, CuTP, MnTP, and ZnTP samples at 0.0 V generally
exhibit bigger particle sizes and larger size distributions (Figures
Sb and S11). To unravel the valence state changes of 3d-metals,
XANES analyses were then performed on a series of 3d-metal
TP complexes. During the first discharge cycle (Figure S12),
FeTP and NiTP were fully reduced to metallic iron and nickel.
In the reconversion process approaching to 3.0 V, they were
reconverted into divalent phase with slight variation, sharing the
solid-state reversibility features with CoTP.

Next, the valence states of MnTP were evaluated upon
cycling. As shown in Figure S12b, Mn(1I)/Mn(0) redox
chemistry by the XANES analysis revealed mixed valence state
and borderline features. Remarkably, ZnTP exhibited unique
redox mechanism during electrochemical reaction; when fully
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lithiated to 0.0 V, reduction of divalent zinc cation did not stop at
the metallic phase but progressively continued to form lithium—
zinc (LiZn) alloy (Figure S12b).°*** The LiZn phase was
further confirmed by HRTEM and the corresponding fast
Fourier transform pattern analysis (Figure S11). During the
delithiation step approaching to 3.0 V, the white line was not
shifted to the pristine stage exhibiting the solid-state
irreversibility.

Overall, the 3d-metal TP complex systems are categorized
into three groups according to the metal-specific electro-
chemical properties (Figure 6a): type 1 (CoTP, FeTP, and
NiTP)—reversible/high performance group; type II
(MnTP)—borderline group; and type III (CuTP and
ZnTP)—irreversible/poor performance group. During the
lithiation, type I compounds in situ generate metallic cobalt,
iron, and nickel clusters in close proximity to the oxygen atom of
the carboxylate group. The nanoparticles synergistically can
assist successive lithiation to z-conjugated ligands. In contrast,
type III compounds display the compositional inhomogeneity
(i.e., disconnected metallic or alloy clusters from the organic
ligand matrix). It results in an interfacial penalty hampering the
multistage molecular rearrangement during the conversion/
reconversion reaction (see the schematic illustration in Figure
6b).

3.4. Cobalt"-2,5-thiophenedicarboxylate. Having iden-
tified the 3d-metal-dependent solid-state reversibility of type I
compounds, our attention was shifted to expand the repertoire
of metal—organic coordination polymers. After the compre-
hensive screening of 3d-metal cations (Supporting Information,
section I) and 7-conjugated heterocyclic ligands (Supporting
Information, section II), cobalt(Il) and 2,5-thiophenedicarbox-
ylate (TDC) moieties were assembled to yield CoTDC-1.5 H,0
via a facile hydrothermal reaction”*> (for the details, see the
Supporting Information, section III). Powder XRD patterns
confirmed the formation of the desired product (Figure S18c).
TGA/DSC data revealed the dehydration at ~240 °C with ~10
wt % loss, in good agreement with the corresponding number of
hydrates (1.5 H,0O) (Figure S18d). The as-prepared sample was

further investigated by FT-IR spectroscopy, and the character-
istic dicarboxylate peaks were observed at 1515 and 1326 cm™!
assigned to 1,(COOCo) and v,(COOCo), respectively (Figure
S18e). The sample was annealed at 240 °C in vacuo, and the
complete removal of the hydrates was confirmed by TGA/DSC
and FT-IR spectrum (see Figure S19). Galvanostatic cycling
tests were carried out using the annealed and amorphized
CoTDC (Figures 7a and $20), displaying substantially
improved electrochemical performances than aforementioned
3d-metal TPs. The reversible specific capacity of CoTDC
maintained at 1420 mA h g~" after 100 cycles under the current
density of S00 mA g~'. After the removal of Super P
contribution, the reversible capacity of anhydrous CoTDC
was estimated to be 1192 mA h g™* corresponding to ~10 Li per
cobalt metal (Figures S21 and S22).

Fully reduced state of CoTDC was then examined via ex situ
XAS. The valence change was traced with normalized Co K-edge
XANES spectra at various points (Figure 7b,c). After passing the
first reductive peak at 1.25 V, the pre-edge peak gradually
evolved and the white-line intensity concurrently decreased.
The Co(0)/Li,, , TDC phase (see also eqs 1—2a) during the
charge step subsequently recovered divalent features of CoTDC
(see also EXAFS patterns in Figure $23). HRTEM presents fully
reduced nanoparticles in the size range of ~2—3 nm that are well
dispersed in the organic matrix (Figures 7d and S24). Next, '*C-
isotope-labeled CoTDC (CoTDC-"3C;) was prepared to
enhance the signal sensitivity of *C NMR spectra (Scheme S2
and Figure S25, Supporting Information). The carboxylate '*C
peak was observed in the chemical shift of 170—180 ppm
(Figure S26). A broad peak ~100 ppm region is attributed to
Super P. After lithiation and subsequent delithiation, the solid-
state '*C NMR spectrum of CoTDC-"*C, at 3.0 V provided a
broad band centered at ~180 ppm, ascribed to the regenerated
carboxylate *C (Figure S26).

Stage 1: M(11)/M(0) redox couple.

F DOI: 10.1021/acsami.8b04678
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CoTDC(CoC¢H,0,S) + 2Li
2 Co(0) + Li,TDC(Li,C(H,0,S) (1)

Stage 2: TDC ligand redox couple.
2a. Carboxylate-to-enolate conversion.

Li,TDC(Li,C¢H,0,S) + 2Li = Li,TDC(Li,C{H,0,S)

(22)
2b. Vinyl-to-saturated bond conversion.
Li, TDC(Li,C{H,0,S) + xLi
= Li,, , TDC(Li,, C,H,0,S) (2b)

3.5. Role of Nanoparticles. Pristine Li, TDC in the absence
of cobalt nanoparticles exhibited larger polarization, poor
cyclability, and rate capability upon cycling compared with
CoTDC (see Figure S27). To understand the enhanced redox
kinetics of CoTDC, a galvanostatic intermittent titration
technique (GITT) was employed to reveal the overpotential
(n) differences (Figure 8a). The initial # value of Li,TDC was
approximately 95 mV owing to the kinetically favorable
carboxylate-to-enolate reduction.”” In contrast, the CoTDC
electrode at the early lithiation (~15% SOC) exhibited a larger
value linked to the nucleation of metallic clusters and the
corresponding rearrangement of local coordination structures.
After the formation of Co(0) phase, however, the 5 value of
CoTDC abruptly diminished to 94 mV, attributed to the
corresponding carboxylate-to-enolate conversion (i.e., Co(0) +
Li,TDC + 2Li — Co(0) + Li,TDC). Then, the 7 values of both
materials increased, where vinyl group reduction started.
Notably, CoTDC exhibited a smaller # value than Li,TDC;
the measured values of CoTDC were 162 and 159 mV at 50%
SOC, whereas those of Li, TDC were 235 and 211 mV (see the
Figure 8a inset). To determine the dominant parameter affecting
the reduced # values, charge-transfer resistance was evaluated
from the semicircle of electrochemical impedance spectroscopy
(see also Figures $28 and S29 in the Supporting Information).
The Arrhenius plots for charge transfer were obtained by
preparing symmetric cells at 50% SOC, while changing the
temperature from 253 to 283 K (see Figure 8b). Yet, slight
differences in the activation energies were found for CoTDC
(65.0 kJ mol™) and Li,TDC (68.2 k] mol™").

We speculated that the enhanced electrochemical perform-
ance of CoTDC might be attributed to the enhanced electrical
conduction path from in situ generated metallic Co(0)
nanoparticles (eqs 1—2a).°">* To verify our hypothesis,
pristine CoTDC was treated with reactive lithium metal assisted
by a vortex mixer (see the Supporting Information, section I-1).
This chemically lithiated sample showed XANES patterns
similar to those of the electrochemically lithiated sample (Figure
8c). No lithium metal peak was detected in the ex situ XRD
pattern afterward (Figure S30), indicating its reaction with
CoTDC. The electrical conductivity of the chemically lithiated
sample, Co(0)/Li,TDC, was 2.48 X 107 S cm™! comparable to
the physical mixture of Li,TDC and cobalt nanoparticles
(Figure 8d), which suggests an electrical conduction network
from the reduced metal domains.’”” Improved electrical
conductivity in the presence of interconnected metallic cobalt
nanoparticles may underlie the improved electrochemical
performance (see also Figure 6b).*”%

4. CONCLUSIONS

In summary, we have successfully demonstrated that the metal-
dependent solid-state redox reversibility of complex systems is
governed by spatial proximity and binding affinity between 3d-
metal and organic ligand matrix. Metallic cobalt nanoparticles in
the size range of ~2—3 nm, well dispersed in the matrix, exhibit
facile coordination with organic ligands. They can also offer
electrical conduction paths that allow successive multielectron
transfer to 7-conjugated redox molecules. In stark contrast, the
compositionally inhomogeneous copper clusters induce limited
reconversion owing to an interfacial penalty. Comprehensive
screening of coordination complexes aided by synthetic
chemistry and electrochemical investigations leads to the high-
capacity molecular complex, cobalt-2,5-thiophenedicarboxylate.
We anticipate that this study has implications in the field of
organic-based rechargeable batteries by elucidating the metal-
dependent solid-state multistage redox behaviors.
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