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low maintenance costs, and high energy 
densities, in order to replace nuclear energy 
or fi nite supplies of fossil fuels. Lithium-ion 
battery (LIB) technologies are considered 
to be promising candidates to meet those 
demands. [ 3,4 ]  While most electrode mate-
rials in LIBs are based on inorganic ele-
ments or compounds, redox-active organic 
materials have recently gained attention 
as a fascinating class due to their ecof-
riendly production starting from renewable 
resources (biomass or natural compounds) 
and solution-phase reactions that avoid 
high-energy ceramic processes. [ 5–9 ]  More-
over, the structural diversity of the organic 
building blocks (as scaffolds and substitu-
ents) allows the rational design of high-
performance electrode materials. [ 10–12 ]  The 
Chen group proposed a molecular-level 
engineering strategy to improve cell perfor-
mance with respect to working potential, 
power density, rate capability, and cycling 

stability through the incorporation of fused heterocyclic moieties 
and pre-aromatic 1,2-dicarbonyl functional groups. [ 13,14 ]  

 Ever since the fi rst demonstration of a primary battery uti-
lizing organic molecules by Williams et al. in 1969, [ 15 ]  new 
classes of organic materials have been developed for secondary 
batteries; these include conducting polymers, nitroxide-bearing 
radical polymers, disulfi des, and quinone derivatives. [ 16–19 ]  In 
2009, the seminal work of Tarascon and co-workers introduced 
organic anode materials on the basis of conjugated dicarboxy-
lates including dilithium terephthalate (Li 2 TP) and dilithium 
 trans , trans -muconate. [ 20 ]  The organic salts exhibited excellent 
electrochemical performance in terms of enhanced thermal 
stability, good cyclability, and suitable redox potential. As 
shown in  Scheme    1  a, Li 2 TP reacts with two lithium atoms to 
afford a conjugated enolate with a reversible capacity of about 
300 mA h g −1 . According to Hünig’s classifi cation, the carbox-
ylate-enolate interconversion of Li 2 TP belongs to an inverse-
Wurster-type system, where carboxylates are located outside 
a cyclic π-system that has aromaticity in the oxidized state. [ 21 ]  
Despite noteworthy progress, the utilization of organic-based 
materials involving two-electron insertion process is practically 
limited due to relatively low specifi c capacity values. 
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  1.     Introduction 
 The harnessing and trapping of renewable energy sources are 
one of the major hurdles to sustainable development for modern 
society. [ 1,2 ]  Strict criteria must be applied to advanced energy 
storage systems, including pollution-free operating processes, 
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  In 2012, Han et al. demonstrated fused aromatic molecules 
bearing anhydride functional groups can accommodate lithium 
ions forming up to 1:1 Li/C complex corresponding to theo-
retical capacity of ca. 2000 mA h g −1 . [ 22 ]  Later, we reported the 
excessive lithiation behaviors even in non-fused (hetero)aro-
matics with dicarboxylates. [ 23 ]  However, these systems require 
precycles to reach the maximum reversible capacities. In addi-
tion, Li 2 TP electrode displays signifi cant capacity loss since 
excessively lithiated compounds containing highly polar C Li 
bonds can react with electrolytes. To attain high-capacity anode 
materials with stable cycle performance, the transition metal–
organic complexation approach has been exploited to extend the 
range of organic-based active materials. [ 24 ]  The fi rst row transi-
tion metal–carboxylate complexes have been utilized for LIBs, 
taking advantage of their metal–ligand coordination bond sta-
bility. For example, a lithium- and nickel-1,4,5,8-naphthalene-
tetracarboxylate composite displayed a reversible capacity of ca. 

482 mA h g −1 . [ 25 ]  A nanostructured cobalt oxalate (Scheme  1 b) 
delivered even higher reversible capacity, approaching 
900 mA h g −1 , which involved the redox processes of Co(II)/
Co(0). [ 26 ]  Yet, the fundamental understanding of the reaction 
mechanism of coordination complexes remains unsolved due 
to the experimental challenges in identifying the exact redox 
sites (transition metal ions/organic ligands) and multi-electron 
involved redox mechanism. Here, we report the synthesis of a 
family of transition metal–terephthalate complexes (TMTPs) 
with reversible capacities above 1100 mA h g −1  at 30 mA g −1 , 
which are the highest values among organic-based coordination 
compounds to date (Scheme  1 c). X-ray absorption spectroscopy 
and solid-state cross-polarization magic-angle-spinning (CP/
MAS) NMR techniques were applied to elucidate the molecular 
transformations during the electrochemical lithiation and del-
ithiation processes.  

  2.     Results and Discussion 

  2.1.     Synthesis and Characterization of TMTPs 

 A family of transition metal–organic complexes was prepared 
through salt metathesis reactions between divalent transi-
tion metal ions and a terephthalate precursor (disodium tere-
phthalate, Na 2 TP) according to previously reported methods 
( Scheme    2  , see also Supporting Information). [ 27 ]  In aqueous 
solution, the divalent metal salts reacted to form the TMTP 
complexes, which preferentially precipitated. The prolonged 
heating of reaction mixtures afforded hydroxo ligand-containing 
coordination complexes (basic coordination complexes); [ 28 ]  this 
phenomenon is attributed to the partial deprotonation of the 
aqua ligand.  

 As shown in  Figure    1  , the Fourier-transform infrared 
(FTIR) spectrum of nickel terephthalate (NiTP) tetrahydrate 
showed asymmetric and symmetric stretching bands at 1537 
and 1386 cm −1 , with complete absence of the initial bands 
from Na 2 TP at 1550 and 1382 cm −1  assigned to ν as (COONa) 
and ν s (COONa), respectively. Noticeably, the IR bands in the 
basic NiTP monohydrate were shifted to 1565 and 1373 cm −1 , 
showing a large difference in the asymmetric stretching mode 
compared to NiTP·4H 2 O. The basic NiTP·H 2 O also pre-
sented narrow and broad bands at 3579 and 3401 cm −1  cor-
responding to hydroxo and aqua ligands, respectively. The 
iron terephthalate (FeTP)·2H 2 O exhibited strong IR bands at 
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 Scheme 1.    Electrochemical lithiation and delithiation of a) dil-
ithium terephthalate, b) cobalt oxalate nanoribbons, and c) transition 
metal-terephthalates.

 Scheme 2.    Preparation of transition metal-terephthalate (TMTP) 
complexes.
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1535 and 1375 cm −1 , assigned to ν as (COOFe) and ν s (COOFe), 
respectively.  

 Thermogravimetric and differential thermal analyses (TGA/
DTA) were performed to investigate the hydration states and 
thermal stabilities of TMTPs, as shown in  Figure    2  a–c. The 
onset of weight loss from the NiTP·4H 2 O started at 135 °C, 

with a magnitude of about 22% from the initial weight, con-
fi rming the four aqua ligands. Subsequent weight loss associ-
ated with decomposition of the complex was observed at 425 °C 
and indicated its robust thermal stability. Basic NiTP·H 2 O 
underwent dehydration at 135 °C with the loss of a single water 
molecule, with subsequent weight losses at 315 °C and 427 °C 
ascribed to the decomposition of carboxylic acids and carboxy-
lates. The dehydration of FeTP·2H 2 O occurred at 151 °C, with 
13.8% weight loss attributed to the dihydrate. The FeTP com-
plex decomposed at 481 °C, indicating its stronger thermal 
stability compared with the nickel–organic complexes. Since 
lithium reacts violently with water to form lithium hydroxide, 
lithium hydride, and Li 2 O attributed to irreversible capaci-
ties, [ 29 ]  the hydrates were annealed prior to assembly of the elec-
trochemical cells. As deduced by the TGA curves, the TMTP 
samples annealed at 150 °C for 10 h under vacuum manifested 
complete dehydration. The formations of TMTP hydrates were 
further determined by X-ray diffraction (XRD) patterns and the 
crystal structures of as-prepared samples were well matched 
with previous reports (see Figure  2 d–f). [ 27,28 ]  After annealing, 
disordered structures of the dehydrated TMTPs were observed 
in the XRD patterns. Unlike NiTP·4H 2 O and FeTP·2H 2 O, 
basic NiTP·H 2 O revealed minimal structural changes due to its 
low hydration state.   

  2.2.     Electrochemical Studies of TMTPs 

 The electrochemical performance of the pre-annealed TMTP 
electrodes was evaluated by galvanostatic cycling.  Figure    3  a–c 
shows the charge/discharge profi les of the anhydrous coordina-
tion complexes NiTP, basic NiTP, and FeTP in Li cells at a cur-
rent density of 30 mA g −1 . It is noteworthy that NiTP and basic 
NiTP present nearly identical voltage profi les. Initially, their 
electrode potentials drop abruptly to a fi rst plateau at 1.38 V vs. 
Li + /Li, and then, they decay gradually below about 1.0 V vs. 
Li + /Li while delivering high capacity. FeTP electrode also 
shows similar electrochemical behavior. The large irreversible 
capacities of the anhydrous TMTPs during the fi rst discharge 
(lithiation) are ascribed to the contribution from the formation 
of a solid electrolyte interphase (SEI) resulting in low Cou-
lombic effi ciencies (≈79% for NiTP, ≈78% for basic NiTP, and 
≈68% for FeTP). However, the Li  x  NiTP/Li and Li  x  FeTP/Li cells 
showed improved Coulombic effi ciencies—close to 99%—after 
fi ve cycles (see Figure S1a, Supporting Information). Reversible 
capacities were maintained at 1402 mA h g −1  for NiTP, 1474 mA 
h g −1  for basic NiTP, and 1474 mA h g −1  for FeTP (Figure  3 d). 
Due to the low electric conductivities of the organic-based com-
plexes, 37.5 wt% conductive carbon (Super P) was included. 
Even after subtraction of the maximum capacity (293 mA h 
g −1 ) delivered from the Super P, [ 23 ]  the remaining capacities of 
the NiTP, basic NiTP, and FeTP electrodes still reached 1109, 
1181, and 1181 mA h g −1 , respectively, corresponding to about 
10 lithium-insertion processes (Figure S1b, Supporting Infor-
mation). In addition, the rate performance of the TMTPs was 
investigated (Figure  3 e). The transition metal–organic com-
plexes delivered about 63%–65% of their original capacities 
even at 500 mA g −1 . XRD patterns of TMTP cells displayed 
progressive amorphization process during the initial lithiation 
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 Figure 1.    FTIR spectra of a) NiTP tetrahydrate, b) basic NiTP monohy-
drate, and c) FeTP dihydrate.
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discharge cycle (Figure S2–3, Supporting Information), which 
is ascribed to the loss of long-range order of molecular packing.   

  2.3.     XANES Studies of (basic) NiTP electrodes 

 After achieving high electrochemical performance, our 
attention was shifted to the investigation of the origin of 

the high capacities in the TMTPs. To determine the redox 
sites of the transition metal complexes associated with the 
excessive lithiation, we monitored the oxidation states of 
the transition metals via X-ray absorption near-edge struc-
ture (XANES) spectroscopy, where the near-edge spectra 
reveal element-specifi c characteristics depending on the 
oxidation state. [ 30 ]  As shown in  Figure    4  , the normalized 
Ni K-edge XANES data for NiTP were collected at various 
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 Figure 2.    Characterization of the TMTPs. a–c) TGA(black)/DTA(red) of NiTP, basic NiTP, and FeTP, respectively before (the solid line) and after (the 
dotted line) annealing; d–f) XRD powder patterns of NiTP, basic NiTP, and FeTP, respectively.

 Figure 3.    Electrochemical performance. a–c) Voltage profi les of anhydrous NiTP, basic NiTP, and FeTP, respectively, d) cyclability of the TMTPs at a 
current density of 30 mA g −1 , e) rate performances of the TMTPs.
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points during the fi rst cycle on the basis of the differential 
capacity (d Q /d V ), having reductive peaks at 1.38 and 0.87 V 
as well as oxidative peaks at 0.82 and 1.85 V. Notably, basic 
NiTP showed almost identical spectra (Figure S4, Supporting 
Information). Initially, NiTP showed a weak pre-edge peak at 
8333.4 eV assigned to the 1 s  → 3 d  transition, which can arise 

from electric quadruple coupling or 4 p– 3 d  orbital mixing. [ 31 ]  
A strong white line appeared with an infl ection point at 
8340.6 eV. During the fi rst discharge until the redox poten-
tial reaches 1.1 V, the lithiation of NiTP was demonstrated by 
the absorption edge shift to lower energy, near that of Ni foil, 
revealing the reduction of Ni(II) to Ni(0) (Equation  ( 1)  , Stage 
I). No dramatic changes were observed during prolonged lithi-
ation until the redox potential reached 0.0 V. Upon the initial 
extraction of lithium until the redox potential reached 1.1 V, no 
marked changes were found. When the electrode was further 
delithiated up to 3.0 V, the initial NiTP phase was recovered. 
However, a smaller and shifted (+0.8 eV) main edge was 
observed. Since XANES spectral features are sensitive to geo-
metrical structures, the peak shapes and positions can be infl u-
enced by changes in local structural environments. [ 30,31 ]  As 
shown in Figure S2 (Supporting Information), NiTP electrode 
undergoes progressive amorphization during the electrochem-
ical processes. The higher disorder caused by amorphization 
can result in the slight distortions in the strong white lines 
as demonstrated by other groups showing relatively fl atter or 
smaller lines with slight peak shifts. [ 32,33 ]  The restriction of 
the valence changes of the NiTPs to two electron transfers (ca. 
240 mA h g −1 ), however, cannot fully explain the origin of the 
high capacities above 1100 mA h g −1 .

     �Ni(II)C H O + 2(Li + e ) Ni(0) + Li C H O8 4 4
+

2 8 4 4
−   (1)     

  2.4.     Solid-State  13 C NMR Studies of Basic NiTPs electrodes 

 In order to clarify the additional redox sites in the coordina-
tion complexes, molecular structure transformations of the 
organic ligand were traced via NMR spectroscopic studies 
( Figure    5  ). Since NMR techniques use the magnetic proper-
ties of the nucleus, they can detect detailed local information 
about the molecular structure with respect to chemical bonds, 
the electronic environment of the nucleus, and the proximity 
of neighboring atoms. [ 34 ]  Despite high sensitivity of solution-
state NMR spectroscopy, solid-state NMR analysis was selected 
for two reasons. First of all, it is a more suitable method to 
clearly describe solid-state processes of electrochemical lithia-
tion. Second, it can reduce potential artifacts related with the 
chemical reactions between NMR solvents and highly lithiated 
electrode materials. To achieve high-resolution solid-state NMR 
spectra, CP/MAS techniques and a stable isotopic labeling 
method were combined. Since the naturally abundant (98.9%) 
carbon-12 atom is NMR-inactive,  13 C labeled basic nickel 
terephthalate (basic NiTP- 13 C 2 ) was prepared (Figure  5 b), 
where two carboxylate carbons were enriched with carbon-13 
for the selective enhancement of the signals from solid-state 
CP/MAS  13 C NMR spectroscopy with the chemical shift of 
174.9 ppm unlike conventional nonlabeled samples. The 
carbon-13 bearing molecule was monitored during the elec-
trochemical processes to examine carboxylate transformations 
(see Figure  5 a). The labeled sample exhibited a resonance line 
at 174.9 ppm. When the electrode was discharged to 1.1 V for 
the initial lithiation, no signifi cant changes in the NMR pattern 
appeared, although transition metal reduction was detected 
by XANES analysis (Stage I). Once the cell potential reached 
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 Figure 4.    a) d Q /d V  for the fi rst cycle of anydrous NiTP, b) Ni K-edge 
XANES spectra of anhydrous NiTP electrodes during the fi rst cycle, c) Ni 
K-edge XANES spectra of anhydrous NiTP electrodes during the fi rst, 
fourth, and eighth cycle.
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0.4 V, a new peak at about 163 ppm ascribed to the highly con-
jugated enolate was observed. After pursuing further lithiation 
to 0.0 V, two broad resonance bands started to evolve in the 
lower frequency region centered at about 134.2 and 20.5 ppm, 
assigned to more saturated structures (see Figure S5, Sup-
porting Information). During the discharge cycle, the starting 
material (basic NiTP- 13 C 2 ) loses aromaticity and the degree 
of unsaturation decreases. Since electrochemically lithiated 
products have more saturated structures, they have reduced 
ring-current effect and also possess higher electron densities 
in their organic scaffolds. Thereby, the chemical shifts move 
towards more shielded region. Previously, Han et al. reported 
the changes of chemical shifts of a fused cyclic compound to 
the more shielded region during a discharge cycle. [ 22 ]  In addi-
tion, lithium enolates with less conjugated structures are also 
observed in the lower frequency region. [ 35,36 ]  It is noteworthy 
that labeled  13 C-1 and  13 C-1’ are solely detected as shown in 
Figure  5 c. Whereas  1 H NMR spectroscopy allows quantitative 
analysis via peak integration,  13 C NMR technique is a quali-
tative analytic method identifying molecular structures. Tere-
phthalate reduction does not stop at the enolate stage (ca. 
163 ppm), which is ascribed to two-lithium insertion. [ 20 ]  Tere-
phthalate ligand is further lithiated to afford more saturated 
organic scaffolds (134.2 and 20.5 ppm), highlighting the major 
role of the organic ligand as a multiple redox site (Equation  ( 2)  , 
Stage II), which is consistent with voltage profi les delivering 
high capacities below 1.0 V (Figure  3 a–c). During the subsequent 
delithiation, the carbonyl signal at 178.2 ppm was recovered, 
indicating the electrochemical reversibility of the lithiation/
delithiation processes.

     �Ni(0) + Li C H O + (x-2)Li + (x-2)e Ni(0) + Li C H O2 8 4 4
+

x 8 4 4
−   (2)    

 On the basis of the combined XANES and NMR spectro-
scopic studies, a two-stage mechanism was proposed that 
accounts for the excessive lithiation of TMTPs ( Scheme    3  ): 

divalent transition metal ion reduction followed by succes-
sive lithiation of the organic terephthalate ligands to gen-
erate more saturated organic scaffolds. The superior electro-
chemical performances of anhydrous TMTP are presumably 
originated via the elemental transition metal formation. The 
homogenous elemental transition nanoparticle formations 
were observed in amorphous Li 2 TP matrix (see Figure S6, Sup-
porting Information). The conversion-type electrode materials 
often exhibit excellent electrochemical performances due to 
enhanced electrochemical surface reactivity originated from 
transition metal nanoparticles (size less than 5 nm). [ 37,38 ]  In 
addition, SEM cross-sectional analyses of Li  x  NiTP/Li elec-
trodes revealed morphological changes during electrochemical 
cycles (Figure S7, Supporting Information). A large number 
of porous cavities with diverse shapes were observed for pris-
tine NiTP electrode. As the lithiation process goes on, how-
ever, most of pores are collapsed minimizing volume changes 
behaving as buffer spaces.    

  3.     Conclusion 

 In summary, a family of transition metal–organic coordination 
complexes was synthesized as anode materials via salt metath-
esis. The compounds exhibited superior electrochemical per-
formance with high capacities and good cyclability. To identify 
the electrochemical lithiation mechanism of the coordination 
complexes, combined XANES and solid-state  13 C NMR spec-
troscopic studies were performed. They revealed that lithia-
tion occurs through the electrochemical processes involving 
transition metal reduction and subsequent excessive lithia-
tion of the organic ligands. In particular, CP/MAS NMR tech-
niques combined with  13 C isotope labeling showed the change 
of resonant frequency during electrochemical lithiation and 
delithiation. We expect that the current approach using transi-
tion metal–organic complexation and solid-state analysis will 

 Figure 5.    a) Solid-state CP/MAS  13 C NMR spectra of C-13 labeled basic-NiTP (basic NiTP- 13 C 2 ), b) Preparation of isotope-labeled basic NiTP- 13 C 2 , 
c) Schematic representation of excessive lithiation on basic NiTP- 13 C 2 .
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provide an important step toward the development of improved 
high-performance anode materials for LIBs.  

  4.     Experimental Section 
  Characterization : XANES data were recorded using the 7D beam line 

at the Pohang Light Source (Pohang, Korea). The data were measured in 
transmission mode using gas-fi lled ionization chambers as detectors. 
Electrochemical cells were disassembled and the collected powder 
was loaded into a probe in an argon-fi lled glove box. Solid-state CP/
MAS  13 C NMR spectra were recorded on a Varian 600 spectrometer at 
a spin rate of 35 kHz with a 1.6 mm Agilent Fast MAS probe. Chemical 
shifts are given in the δ-scale in ppm. FTIR spectra were measured on 
a Nicolet FT-IR 200 (ATR, Thermo Scientifi c). Absorption bands were 
recorded in wavenumbers (cm −1 ). Thermal analysis was performed 
at a heating rate of 10 °C per min under nitrogen atmosphere using 
a TA Instruments Q600 thermogravimetric analyzer. XRD data were 
collected on a Rigaku D/MAX2500V/PC powder diffractometer using 
Cu Kα  radiation (λ = 1.5405 Å). Scanning electron microscopy (SEM) 
samples were examined in a Nano 230 fi eld-emission SEM (FE-SEM) 
instrument. 

  Synthesis : Solvents and reagents were obtained from standard 
suppliers. Transition metal-coordination complexes were synthesized 
according to previously reported salt metathesis reactions. [ 27,28 ]  
As-prepared coordination complexes were annealed at 150 °C for 10 h 
before coin cell assembly. The detailed procedures were described in the 
Supporting Information. 

  Electrochemical Characterization : Samples of electrochemically active 
materials were mixed with carbon black (Super P) and carboxymethyl 
cellulose (CMC) 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 6  in ethylene carbonate and diethyl carbonate (1:1 v/v) 
electrolyte solution. Galvanostatic experiments were performed at a 
current density of 30 mA g −1  at 25 °C.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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