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Abstract: Copper (2,5-dilithium-oxy)-terephthalate (Cu(Liz)-p-DHT) was synthesized and
thoroughly characterized using a range of analytical techniques, then evaluated
electrochemically as a lithiated host material for positive electrodes in Li half-cells. When
formulated as a carbon-supported organic electrode material, the compound reaches its full
theoretical two-electron capacity, delivering a specific capacity of 188.2 mAh g, almost
double that of previously reported M(Li.)-p-DHT analogues (=100 mAh g*). However, its
cycling stability remains limited due to the formation of a fully oxidized quinone species in the
delithiated state, as evidenced by FTIR spectroscopy. This oxidized form was found partially
soluble in carbonate-based electrolytes, resulting in poor cycling performance. By narrowing
the potential window to the one-electron storage reaction, cycling performance improves
significantly, with 96 % capacity retention after 50 cycles and a coulombic efficiency exceeding
99 %, albeit at a reduced capacity of ~80 mAh g. Electron energy loss spectroscopy (EELS)

further confirmed the gradual structural evolution from the semiquinone to quinone form. These



results highlight key design principles for enhancing lithium extraction in lithiated organic host
materials and represent a significant step toward achieving capacities that approach those of

conventional inorganic electrodes.
Introduction

Lithium-ion batteries (LIBs) currently dominate the energy storage landscape ranging from
portable electronics to large-scale stationary systems due to their well-established advantages
in energy density and cycle life.2*1 However, their production and end-of-life management
raise critical environmental concerns, which are further exacerbated by limited recycling
infrastructure and low material recovery rates. As LIBs demand continues to grow in line with
the global push for widespread electrification, large volumes of spent batteries are improperly
disposed of, often ending up in landfills, where they pose risks of soil and groundwater
contamination due to the leaching of toxic metals and electrolytes.>1% In this context, the
implementation of organic electrode materials (OEMs) emerges as a promising and more
sustainable alternative as they can potentially be synthesized from renewable resources and
processed via environmentally benign methods, offering significant potential for reducing the
environmental footprint of battery technologies. This includes their application in the design of
lithiated organic host materials for positive electrode use,*!! provided that they exhibit a
sufficiently high operating potential (i.e., typically above 3.5V vs. Li*/Li). However, only a
limited number of lithiated organic cathode materials have been reported in the literature,

primarily due to the intrinsic challenges associated with their design.[t#14

For more than a decade, our group has focused particularly on lithiated salts of
dihydroxyterephthalate as insertion materials capable of reversibly extracting lithium ions
electrochemically, with particular attention to the para-regioisomer.*5-2° Qur first studied
example focused on (2,5-dilithium-oxy)-terephthalate (Lis-p-DHT)™®! as a positive electrode
material, for which a two-electron electrochemical storage reaction was theoretically
anticipated (Scheme S1). However, experimental results revealed that only one lithium ion
could be reversibly deinserted, at an average potential of 2.55 V vs. Li*/Li, thereby limiting the
specific capacity to approximately 120 mAh g*. This behavior was accompanied by the
formation of spin-paired diamagnetic dimers, which contributed to the remarkable stability of
the radical state. In a parallel and independent study, Chen’s group demonstrated that
nanostructuring Lis-p-DHT into nanosheet morphologies via ultrasonic exfoliation allows
access to the full capacity.[? Specifically, these nanosheets, only a few nanometers thick,



delivered an initial discharge capacity of 223 mAh g* at 0.1 C, approaching the theoretical
specific capacity value of 240 mAh g for two-electron reaction. Furthermore, this group
developed later a Lis-p-DHT/graphene composite that achieved capacities close to
240 mAh g%, significantly higher than those of most lithiated OEMs.[?Y Lis-p-DHT is,
however, far from being used in commercial batteries, primarily due to its low average output
voltage (~2.6 V vs. Li*/Li) leading to rapid autoxidation in air.*>! Efforts have been made to
increase the working potential by replacing the carboxylate functional groups with more
electron-withdrawing groups such as sulfonates,??l or switching from para to ortho-
regioisomers.!*6181 This strategy involves substituting the two lithium ions that compensate the
negative charges of the carboxylate groups in Liz-p-DHT with spectator cations (M"™) of high
electronegativity and ionic potential (IP), in order to mitigate the donor inductive effect of the
conjugated CO~ and CO2™ groups. These spectator cations, through their specific coordination
environment with the electron-donating phenolate moiety, can modulate the -electron density
within the aromatic ring via the M-O coordination network. This modulation arises from the
increased covalent character of the M—O bonds, which alters the electronic structure of the p-

DHT*- redox active skeleton.[7:23]

We initially investigated and reported the effect of s-block spectator cations
in M3/ (Li,)-p-DHT (M"™ = Mg?*, Ca®", Ba?") host materials and notably established an
empirical correlation between the average operating potential of these materials and the ionic
potential (IP) of the spectator cations M (assuming an equivalent structural arrangement).[*”]
We recently extended this empirical correlation to 3d-block elements with the non-redox-active
Zn?* cation.¥ In this study, we extend our investigation to transition metals by selecting Cu?*
as a representative case. Copper is more electronegative than zinc (yar(Cu) = 1.75 > yar(Zn) =
1.66), and as a transition metal, cupric ion possesses a partially filled d-shell that enables it to
engage in stronger and more directional M-O coordination bonds.?! This distinction in
electronic structure contributes to the enhanced coordination ability and stronger interaction
with electron-donating oxygen ligands. In short, a higher redox potential can be expected than
what would be predicted based solely on the empirical correlation with the ionic potential (IP)
value. We also demonstrate that the full two-electron electrochemical activity of Cu(Li2)-p-

DHT can be achieved by promoting its direct growth onto high-surface-area carbon black.
Experimental Section

Chemicals



2,5-dihydroxyterephthalic acid Hs-p-DHT (Sigma Aldrich, 98 %),
copper(l1) bis(trifluoromethane sulfonyl)imide) Cu(TFSI). (Solvionic, 99.5 %), lithium
methoxide solution MeOL.i (Sigma Aldrich, 2.2 molar in methanol), methanol MeOH (Thermo
Scientific, 99.9 %), carbon blacks: Ketjenblack EC-600JD (AkzoNobel), C-NERGY SUPER

C65 (Imerys) were used without further purification and stored in an argon-filled glovebox.
General characterization techniques

Fourier-transform infrared (FTIR) spectra were acquired using a Bruker Vertex 70 spectrometer
within the wavenumber region of 400-4000 cm™* using potassium bromide (KBr) pellets. Pellets
were prepared by blending the sample (~1wt. %) with spectroscopic-grade KBr and
compressing the mixture. Powder X-ray diffraction (PXRD) patterns of the samples were
recorded in sealed glass capillaries prepared in an Ar-filled glovebox using an INEL XRG3500
diffractometer operating in Debye-Scherrer geometry with Cu-Kay radiation (A = 1.54060 A).
Both Cu and Li contents were determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) using an iICAP 6300 radial analyzer (Thermo Scientific). A
monoelement solution of Cu and Li (1000 ppm, CHEMLAB) was used for the calibration.
Liquid proton nuclear magnetic resonance (*H NMR) and carbon nuclear magnetic resonance
(*3C NMR) spectra were obtained with a Bruker Avance I1IHD 500MHz spectrometer, and
chemical shifts (8) were referenced against the solvent signal, specifically set at 6 = 2.50 ppm
for deuterated dimethyl sulfoxide (DMSO-d6) purchased from Eurisotop (purity >99.9 %). For
the derivatization reaction, a few drops of H.SO4 were added to the p-DHT-based compounds
in a sealed NMR sample tube in a glovebox to analyze Hs-p-DHT due to the insolubility of
Cu(Li2)-p-DHT in anhydrous deuterated solvents preventing its direct characterization.
Thermogravimetric analyses coupled with differential scanning calorimetry (TG-DSC) were
conducted on powdered samples under an inert argon flow using a SENSY Sevo analyzer from
Setaram, ramping at 5 °C min* to a maximum temperature of 800 °C. Scanning electron
microscopy (SEM) coupled with Energy Dispersive X-ray Spectroscopy (EDS) was performed
with Axia ChemiSEM, ThermoFisher Scientific microscope. (S)TEM data were acquired with
a probe corrected ThermoFisher Scientific Themis Z G3 transmission electron microscope
(TEM), operating at an acceleration voltage of 300 kV. The microscope was equipped with a
SuperX detector (EDS) and a high-resolution energy filter (Gatan GIF Quantum 966 ERS) for
Electron Energy-Loss Spectroscopy (EELS). Both the K2 direct electron camera and the
US1000 CCD camera were used for high signal-to-noise acquisitions and energy calibration of

the spectra, respectively. Since these organic-based samples can be extremely sensitive to



damage from the electron beam and may react with ambient air, a liquid nitrogen-cooling and
vacuum-transfer sample holder (from Mel-Build Company) was used. For those samples that
had been in contact with the electrolyte, a rinsing step with DMC was performed before drying
the powder in vacuum at 90 °C. Inside an argon-filled glovebox, the powders were deposited
onto lacey-carbon gold grids, mounted on the sample holder, and examined at —120 °C. To
minimize beam-induced damage, spectroscopy measurements were performed using a 2.5 nm
probe with a minimum step size of 5 nm, thereby limiting the areal electron dose. EELS spectra
were denoised®! (within Digital Micrograph 3.40), energy calibrated?®! and background
subtracted. EELS quantification of Cu, C, and O content was performed within

DigitalMicrograph.
Synthesis of the pure Cu(Li2)-p-DHT material

In an argon-filled glovebox, a methanolic suspension of Hs-p-DHT (1.0 g, 5.1 mmol, 1 eq.) was
prepared by dispersing this diacid in 200 mL of anhydrous MeOH inside a round-bottom flask.
Subsequently, 9.3 mL of a MeOL.i solution (2.2 M in MeOH, 20.4 mmol, 4 eq.) was added
dropwise under continuous stirring, resulting in formation of a clear, homogeneous mixture.
After stirring at room temperature for 1 h, powder of Cu(TFSI)2 (3.18 g, 5.1 mmol, 1 eq.) was
added to the reaction mixture. The flask was then sealed, heated at 70 °C, and stirred for 16 h.
During heating, the initially pale brown precipitate gradually changed to bright brown. After
cooling, the solid product was subsequently separated by centrifugation at 6500 rpm for 30 min
and washed thoroughly four times with 100 mL of methanol. Following these washing steps,
the solid was dried overnight under vacuum at ambient temperature. Finally, the dried material
was heated at 110 °C for 16 h under vacuum in a Biichi B-585 glass oven (Kugelrohr drying
model) to obtain pure Cu(Li2)-p-DHT as a bright brown-colored powder with an overall yield
of ~88 %. Note that the resulting sample formed a dense solid difficult to grind manually. FTIR
(cm™1): 1565-1611 (Das(COO")), 1464-1419 (5(C=C)), 1345 (vs(COO")), 1215 ((C—OL4i)),
895-809 (v(C—H tetra-substituted benzene)). *H NMR (500 MHz, DMSO-ds + few drops of
H2S04) & (ppm) =6.96 (2H, s). 13C NMR (125 MHz, DMSO-ds + few drops of H2S04): & (ppm)
= 165.8 (COOH), 147.6 (C—OH), 1154 (C—COOH), 113.2 (CH). Elemental analysis
(calculated, found, wt.%): Cu (23.40 %, 26.12 % * 0.23), Li (5.11 %, 5.06% * 0.27).

Synthesis of composite Cu(Liz2)-p-DHT/carbon black



The experimental approach consisted of a straightforward adaptation of the synthesis procedure
previously described to obtain the pure Cu(Li2)-p-DHT material. In an argon-filed glovebox, a
methanolic suspension of Hs-p-DHT (1.0 g, 5.1 mmol, 1 eq.) was again prepared by dispersing
this diacid in 200 mL of anhydrous MeOH inside a round-bottom flask. Subsequently,
Ketjenblack EC-600JD (KB600) (685.2 mg) was added to the suspension and dispersed by
stirring for 2 h to ensure an optimized dispersion. Then, MeOLi (2.2 M in MeOH, 20.4 mmol,
4 eq.) was added dropwise. The previously described procedure was rigorously applied without
modification. The presence of the porous carbon matrix precluded the use of liquid-state NMR
and standard mass-based elemental analysis for characterizing the composite. Instead, ICP-AES
analyses performed on concentrated acid-digested samples yielded a Li:Cu molar ratio of
approximately 2.03:1. FTIR (cm™): 1565-1611 (0as(COO")), 1463-1417 (v(C=C)), 1345
(0s(CO0)), 1215 (vb(C—OLi)), 895-809 (v(C—H tetra-substituted benzene)).

Electrochemical characterization

Electrochemical tests were performed in Swagelok®-type cells, utilizing lithium metal as the
counter electrode. A lithium metal disk was used as the negative electrode, with two glass fiber
separators (Whatman®) soaked in LP30 electrolyte (1 M LiPFs dissolved in a 1:1 v/v mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC)). Positive electrodes based on the
pure Cu(Li2)-p-DHT material were prepared by manually grinding this active material with
33 wt.% of conductive carbon (Ketjenblack EC-600JD or C-NERGY SUPER C65) together
using a mortar and pestle inside an argon-filled glovebox (no binder). The resulting powder
mixtures, typically weighing between 5-10 mg, contained about 3-7 mg of Cu(Li2)-p-DHT.
Positive electrodes based on Cu(Li2)-p-DHT/KB600 were prepared by manually grinding the
as-synthesized material with a mortar and pestle inside an argon-filled glovebox (no binder).
Electrochemical measurements were performed using an MPG multichannel system (Bio-Logic
S.A., Seyssinet-Pariset, France) at 23 °C.

Protocols for ex situ FTIR and ICP-AES analyses

For ex situ FTIR and ICP-AES measurements, Swagelok®-type cells were galvanostatically
cycled and stopped at selected state-of-charge of interest. The cells were then disassembled
inside an argon-filled glovebox. The positive electrodes were carefully removed, rinsed with
30 mL of DMC, and dried under vacuum at 60 °C for 16 h using in a Blichi B-585 glass oven
(Kugelrohr drying model). Note that for the cell representing the starting open-circuit potential



(A), the disassembling was performed after ~40 h under open-circuit conditions. For ICP-AES
analysis, the dried electrode material was weighed inside an Ar-filled glovebox, then transferred
into concentrated nitric acid (18 M HNOs) and sonicated for 30 min to ensure maximum
dissolution of the active material. The resulting suspension was subsequently diluted with
ultrapure water to obtain a 6 M HNOs solution. Finally, the solution was filtered through a
Sartorius Minisart™ NML Syringe Filters (0.65 um pore size) to remove carbon particles,

yielding the final analyte solution.

Results and Discussion
1. Characterizations of Cu(Liz)-p-DHT

The synthesis of the Cu(Li2)-p-DHT compound was directly inspired by that of the recently
reported Zn(Liz)-p-DHT,*® with the sole modification of replacing Zn(TFSI), with its
commercially available copper counterpart (Scheme S2). The addition of Cu(TFSI). to a
homogeneous solution of the fully lithiated p-DHT ligand in methanol led to the immediate
precipitation of a bright brown solid, while the resulting LiTFSI by-product remains in solution
and is easily eliminated with a filtration step. Subsequent thermal analysis of the isolated
material, after drying at 110 °C under vacuum for 16 h, confirmed by TGA/DSC measurements

(Figure S1) that no residual methanol remained within the structure.
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Figure 1. Powder X-ray diffraction patterns and (b) FTIR spectra of Cu(Li2)-p-DHT (magenta)

and Zn(Li2)-p-DHT (brown), shown as overlaid plots for comparison.



Figure 1a compares the PXRD patterns collected for Cu(Li2)-p-DHT and Zn(Li2)-p-DHT. The
close match in peak positions indicates that Cu(Li2)-p-DHT exhibits also the characteristic
lamellar structure typical of this class of compounds, an essential feature for enabling reversible
lithium-ion insertion and extraction. However, the noticeably broader peaks observed for
Cu(Li2)-p-DHT suggest a reduced crystallite size, likely resulting from differences in nucleation
and growth during synthesis. Following the recent determination of the Mg(Li2)-p-DHT crystal
structure obtained via a combined approach involving electron diffraction tomography, high-
resolution PXRD, and periodical DFT calculations?®l—we extended the structural analysis to
the Zn and Cu analogues. Le Bail refinements were successfully carried out to assess the
preservation of the lamellar architecture and evaluate variations in unit cell parameters
(Figure S2). The slightly expanded cell volumes, compared to the Mg(Li2)-p-DHT phase, may

be attributed to the larger ionic radii of Zn?* and Cu?*, which induce subtle lattice distortions.

Similarly, the FTIR spectrum of Cu(Li2)-p-DHT (Figure 1b) exhibit all the characteristic peaks
observed for Zn(Li2)-p-DHT, indicating that the substitution does not substantially affect the
chemical structure of the material. The position of the asymmetric stretching vibration band of
the carboxylate groups (vas(COO7)) serves us as a sensitive indicator of the electron-
withdrawing strength imposed by the spectator cation on the p-DHT ligand.l"*1 In the case of
Cu(Li2)-p-DHT, ©as(COO") is observed at slightly higher wavenumber compared to the Zn?*,
which could be attributed to the slightly higher ionic potential of Cu?* (2.898) relative to Zn?*
(2.816) (Table S1). However, comparison with the FTIR spectrum of Mg(Li2)-p-DHT
(Figure S3) reveals that the vas(COO") band of Cu(Li2)-p-DHT exhibits a similar or slightly
greater positive shift relative to Mg(Li2)-p-DHT. Finally, the 3(COO-M) bending vibration in
the range of 620-570 cm™* also shows a positive shift for Cu(Li2)-p-DHT, which shows stronger
metal-carboxylate interaction than for Zn?*.12 The shift of the 5(CO—Li) vibration band could
also be used,**? since M™ and an equivalent trend can be found. The interpretation of the
position of this infrared vibrational band reaches its limits here, as the observed shifts are
minimal, comparable to the subtle differences in terms of IP values between Mg?*, Zn?*, and
Cu?*. Nonetheless, a working potential of approximately 3.5V vs. Li*/Li can reasonably be

anticipated, in line with the values observed for the Mg- and Zn-based phases.

Based on the combined evidence from XRD patterns and FTIR spectra, it can be concluded that
the newly synthesized material exhibits a chemical and crystal structure similar to that of
Mg(Li2)-p-DHT recently resolved.1 Additionally, liquid *H/**C NMR confirmed through

derivatization that the organic moiety was unaltered during synthesis (Figure S4) and ICP-AES



analysis confirms the expected stoichiometry of Cu(Li2)-p-DHT by accurately measuring the
copper and lithium contents although a slightly higher amount of copper can be noticed
(Figure S5).

2. Electrochemical behavior of as-prepared Cu(Li2)-p-DHT in Li half-cell

To assess the electrochemical behavior of Cu(Li2)-p-DHT, galvanostatic cycling tests were
performed in Swagelok®-type cells, following a procedure similar to that previously reported
for MY/ (Liy)-p-DHT (M™ = Li*, Mg?*, Ca?*, Ba?*, Zn**) using 1 M LiPFs in EC/DMC (LP30)
as the electrolyte, and a typical cycling rate corresponding to the exchange of one Li* ion per
p-DHT* unit in 5 h.1!5171%1 To ensure consistency with our earlier study on Zn(Li2)-p-DHT,
C65 carbon black was selected at this stage.[*®! Figure 2a shows the first cycle reported in a
potential-composition curve within the 3.0 — 4.0 V vs. Li*/Li potential range. As previously
noted for the zinc-based phase, the cycling profile of Cu(Li2)-p-DHT remains mostly
featureless. However, Cu(Li2)-p-DHT shows a significantly lower first discharge capacity of
only 56.6 mAhg?, almost half of the theoretical capacity for one-electron reaction
(Scheme S1), together with a markedly higher polarization. Under identical cycling conditions,
Zn(Li2)-p-DHT delivers the expected capacity corresponding to a one-electron transfer per p-
DHT* unit. This behavior can be attributed to the formation of large aggregates during
synthesis, as evidenced by SEM imaging (Figure S6). These aggregates proved difficult to
reduce in size through manual grinding, which may hinder both electronic conductivity and
lithium-ion transport within the electrode material. The cycling performance of Cu(Li2)-p-
DHT, as shown in Figure 2b, demonstrates a relatively stable but modest capacity over 50
cycles. The initial capacity increases a bit over the first 8 cycles before a slight decrease over
cycling, stabilizing around 53-55 mAh g*. The charge capacity follows a similar trend, leading
to a coulombic efficiency that quickly rises above 95 % within the first few cycles and remains
consistently close to 99 %, indicating good reversibility of the electrochemical process for the

considered active part of the Cu(Li2)-p-DHT sample.
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Figure 2. Charge/discharge electrochemical behavior of the Cu(Li2)-p-DHT electrode material
mixed with 33 wt% of C65 carbon black measured in Li half-cell and galvanostatically cycled
in 1M LiPFs in EC/DMC as the electrolyte at a rate of 1 Li*/5 h. (a) Typical potential-
composition trace recorded during the first cycle; the green circle marks the initial open-circuit
potential. (b) Corresponding capacity retention and coulombic efficiency upon cycling.

Based on these electrochemical results, it became clear that reducing the particle size was
essential to approach the expected theoretical capacity (Qie = 98.72 mAh g*) for Cu(Liz)-p-
DHT, as achieved with other derivatives previously studied by our group. Consequently, several
grinding attempts were carried out. However, the inherent fragility of organic materials
prevented the attainment of the desired electrochemical performance through this approach. To
overcome this limitation, we explored the in situ preparation of a composite electrode by
incorporating high-surface-area carbon black directly into the reaction medium during the
synthesis of Cu(Li2)-p-DHT in methanol. This carbon-supported organic electrode strategy has
been reported several times in the literature,?°*° employing various types of carbon materials.
Such studies were primarily motivated by the fact that most organic electrode materials (OEMSs)
based on small neutral redox-active molecules suffer from high solubility in organic liquid
electrolytes and inherently low electrical conductivity. However, this approach also promotes
nucleation on the carbon support at the expense of crystal growth, leading to a carbonaceous

material decorated with finely dispersed active material particles.

3. Synthesis and characterization of Cu(Li2)-p-DHT/carbon black composite



Based on a preliminary study, we employed commercially available high-surface-area
Ketjenblack EC-600JD (KB600) to prepare the carbon-supported Cu(Li2)-p-DHT electrode,
with the objective of achieving a uniform distribution of small Cu(Li2)-p-DHT particles both
within and on the surface of the KB600 carbon matrix. Indeed, we experienced that KB600
consistently yielded the most homogeneous dispersion in methanol, without requiring
additional processing steps. The experimental procedure, summarized in Figure 3, involved
dispersing KB600 into a methanolic suspension of Hs-p-DHT, followed by sequential lithiation
by acid-base reaction and coordination with Cu?* giving rise to the precipitation of the title
compound. SEM images of the resulting Cu(Li2)-p-DHT/KB600 composite reveal a porous
morphology, free from large aggregates (Figure S7). By combining EDS mapping (Figure S8),
the formation of a homogeneous composite was readily confirmed with Cu(Li2)-p-DHT
uniformly deposited onto the carbon support. Furthermore, complementary investigations by
both FTIR and PXRD confirmed the formation of Cu(Li2)-p-DHT within the carbon matrix
(Figure S9) whereas ICP-AES analyses corroborated the targeted stoichiometry with a Li:Cu
molar ratio of 2.03:1.

1) KB600 2) -0

Figure 3. Schematic of the experimental protocol for producing the Cu(Li2)-p-DHT/KB600
composite.

To further advance the characterization, particularly at the nanoscale, a scanning/transmission
electron microscopy (STEM) combined with electron energy loss spectroscopy (EELS) was
employed. STEM-HAADF imaging also revealed a homogeneous nanoscale mixture of the
Cu(Li2)-p-DHT and KB600 particles. Due to the close atomic numbers of the constituent
elements, the resulting Z-contrast was found insufficient to distinctly differentiate the two
phases within the composite (Figure 4a). High-resolution transmission electron microscopy

(HR-TEM) likewise proves inconclusive, as the active material exhibits weak diffraction



contrast, precluding structural delineation. On the other hand, electron energy loss spectroscopy
(EELS) offers a robust means of spatially resolving the composite’s constituents (Figure S10).
As illustrated by the spectrum image in Figure 4b, individual spectra extracted from selected
regions (Figure 4c) confirm that the two components are intimately inter-dispersed at the

nanometer scale.
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Figure 4. (a) STEM-HAADF image of the Cu(Liz)-p-DHT/KB600 composite. (b)
Corresponding spectrum imaging area with squared regions indicating the zones selected for
EELS analysis shown in (c). (c) Carbon K-edge spectra extracted from the regions in b): solid
black line shows area predominantly containing Cu(Liz)-p-DHT; dotted black line shows area
with a mixture of Cu(Li.)-p-DHT and KBG600; red line shows area corresponding mainly to
KB600 carbon particles.

4. Electrochemical behavior of Cu(Liz2)-p-DHT/carbon black composite in Li half-cell

and advanced characterizations

The electrochemical performance of the Cu(Liz)-p-DHT/KB600 composite (Figure 5) was
evaluated by galvanostatic cycling under identical conditions to those used for the pristine
Cu(Li2)-p-DHT mixed with 33 wt.% of C65 carbon black (Figure 2). Unexpectedly, the carbon-
supported Cu(Li2)-p-DHT composite electrode initially demonstrates the ability to reversibly
extract not only the expected one lithium ion per p-DHT*" unit, but also a second one, thereby
approaching its full theoretical capacity (Scheme S1). Using our regular experimental
conditions, previously reported M3/ (Li,)-p-DHT (M™ = Li*, Mg?*, Ca?*, Ba?*, Zn?")1517.19]

active materials have consistently failed to reach the fully oxidized quinone state. As a result,



the accessible capacity has typically been limited to that corresponding to the extraction of a
single lithium ion, even when operating at potentials as high as 4V vs. Li*/Li. This
unambiguous limitation is attributed to the particular stability of the semiquinone radical state
following the one-electron oxidation process, as recently demonstrated in the case of Mg(Li2)-
p-DHT.12% Indeed, the extraction of the second lithium ion in those cases was consistently
obstructed by an irreversible Kolbe electrolysis (i.e., an electrochemical decarboxylation
reaction occurring typically in the vicinity of 4.0 V vs. Li*/Li).
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Figure 5. Charge/discharge electrochemical behavior of the Cu(Li2)-p-DHT/KB600 composite
electrode (containing 33 wt.% of KB600 carbon) measured in Li half-cell galvanostatically
cycled in 1 M LiPFg in EC/DMC as the electrolyte at a rate of 1 Li*/5 h (I = 19.7mA g}). (a)
Typical potential-composition trace recorded during the first cycle; the green circle marks the
initial open-circuit potential. (b) Corresponding capacity retention and coulombic efficiency

upon cycling.

To provide evidence of a synergistic interaction resulting from the growth of Cu(Li2)-p-DHT
on the carbon matrix, complementary cycling tests were performed. Figure S11 shows the
typical potential-composition trace recorded during the first cycle with the corresponding
capacity retention upon cycling of the Cu(Li2)-p-DHT/KB600 composite alongside that of a
manually blended mixture of bulk Cu(Li2)-p-DHT and KB600 carbon. Both samples were
prepared with identical carbon content and cycled under the same experimental conditions. The
manually blended composite electrode, prepared by simple grinding with a mortar and pestle,

exhibited limited specific capacity corresponding to the extraction of less than one lithium ion



per ligand unit. In contrast, the in situ synthesized composite delivered an initial charge capacity
of approximately 188.2 mAh g, approaching the theoretical maximum of 197.4 mAh g

expected for the extraction of two lithium ions per p-DHT*- unit (Scheme S1).

At this stage, it must be pointed out that in bulk Cu(Li2)-p-DHT, extensive intermolecular n—n
stacking interactions strongly stabilize the partially oxidized semiquinone intermediate, thereby
limiting access to the second electron.?®! In contrast, in the Cu(Li2)-p-DHT/KB600 composite,
nanosized Cu(Li2)-p-DHT particles are uniformly dispersed across the high-surface-area
KB600 carbon matrix. This effective dispersion, combined with nanoscale-induced effects,
likely disrupts the n—r stacking network, thereby facilitating the extraction of the second lithium
ion and enabling access to the full two-electron redox process, as previously highlighted by
Chen’s group with the Lis-p-DHT active material.?2!1 Nevertheless, it is worth noting that
achieving the full capacity with the Cu(Liz2)-p-DHT/KB600 composite also results in
significantly greater capacity fading over subsequent cycles; after 50 cycles together with a
markedly higher polarization indicating substantial Kkinetic limitations (Figure 5). These
electrochemical properties differ significantly from those reported by the Chen group for Lis-
p-DHT. Surprisingly, in their first study,? only the specific capacity increased progressively
starting from 140 mAh g* for the bulk material to 200 mAh g for nanoparticles (prepared by
ball-milling), and up to 225 mAh g* corresponding to the full two-electron reaction, without
any change in terms of cycle profile, average operating potential, polarization while maintaining
excellent cycling stability. The detailed reasons behind this rapid capacity fade with the
Cu(Li2)-p-DHT/KB600 composite will be elucidated further later in the article through ex situ

characterizations and analysis.
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Figure 6. (a) Potential-composition trace of the Cu(Li2)-p-DHT/KB600 composite obtained
during galvanostatic cycling in LP30 electrolyte at a rate of 1 Li*/20 h. The bottom x-axis
denotes the calculated lithium-ion stoichiometry (moles of Li* per formula unit of Cu(Li)-p-
DHT) based on coulometry measurements, whereas the top x-axis indicates lithium content
quantified through ICP-AES measurements. Electrochemical traces are shown in cyan. Points
A, B, and C correspond to the states selected for ex situ analyses at OCV (A), 3.7 V (B), and
4.0V (C) vs. Li*/Li. (b) Overlaid FTIR spectra of pristine Cu(Li2)-p-DHT powder (magenta),
KB600 carbon sample (gray), and Cu(Liz)-p-DHT/KB600 electrodes collected at states A, B,
and C (green). (c) Images of separators recovered from the cells at initial state A, B (3.7 V),
and C (4.0 V).

To confirm that the additional capacity arises from the participation of a second lithium ion in
Cu(Li2)-p-DHT particles, we conducted an ex situ study by combining first ICP-AES and FTIR
analyses based on the characterization of the positive electrode during the first charge by

selecting 3 representative states-of-charge (Figure 6): points labeled A, B, and C corresponding



to the initial state, the middle charged state at 3.7 V (one-electron oxidation), and finally the

full charged state at 4.0 V vs. Li*/Li (two-electron oxidation).

ICP-AES measurements performed on samples charged to 3.7 V (B) and 4.0 V (C) revealed
Li:Cu atomic ratios of 1.09:1 and 0.16:1, respectively (Figure 6b), thereby confirming
unambiguously the progressive and almost full extraction of lithium ions from the host material.
This compositional shift was supported by FTIR analyses (Figure 6a), where the gradual change
and disappearance of the 5(CO—Li) stretching vibration around 1214 cm™ confirm partial and
then complete delithiation of the phenolic sites at 3.7 V and 4.0 V, respectively. Concurrently,
the loss of the characteristic aromatic 5(C=C) (1464-1419 cm™) stretching band at the end of
the first charge cycle indicates the loss of aromaticity, accompanied by the formation of a
quinonoid carbonyl structure. This structural evolution is further confirmed by broad peaks in
the 1560-1650 cm™ region, corresponding to 9(C=0) stretching modes and 5(C=C) stretching
vibrations of the quinone rings.B:%"1 Notably, these carbonyl signals exhibit downshift and
spectral broadening in the presence of KB600 carbon, consistent with previously reported -7
interactions between quinone-based organic moieties and graphitic surfaces.*®! Also, in these
particular spectra, there is a significant contribution from the KB600 background. Correlating
the FTIR data with the potential-composition curve clearly indicates that the extraction of the
first lithium ion occurs within the 3.4-3.7 VV vs. Li*/Li potential range, consistent with the
behavior of the bulk Cu(Li2)-p-DHT, and corresponds to the formation of the semi-quinone
radical state as illustrated in Scheme S1. In the case of the Cu(Li2)-p-DHT/KB600 composite,
however, lithium extraction proceeds beyond one lithium, approaching a two-lithium process
and leading to the formation of the fully quinone form at 4.0 V (C). Notably, at potentials above
3.9V, the separators exhibit a brown coloration, consistent with the increased solubility of the
copper 1,4-benzoquinone-2,5-dicarboxylate. This latter retains only two delocalized negative
charges on its molecular backbone, in contrast to Cu(Li2)-p-DHT or Cu(Li1)-p-DHT®, as

thoroughly discussed in our earlier studies on organic host materials.*1:3%-41]

For more detailed nanoscale analysis, STEM combined with EELS was again employed. The
EELS spectra corresponding to the Cu(Li2)-p-DHT consistently show three well-separated
peaks at 285.0(1) eV, 287.7(1) eV, and 291.0(1) eV (Figure 7). The interpretation of the fine
structure at the carbon K-edge can be reliably based on the presence of three distinct types of
carbon bonding in the pristine Cu(Li2)-p-DHT. This supports the assignment of the lowest-
energy peak (most reduced carbon) to aromatic carbons, the middle peak to phenolic carbons,



and the highest-energy peak at 291.0 eV to carboxylate groups. This peak assignment is
consistent with prior literature based on EELS and near-edge X-ray absorption fine structure
spectroscopy (NEXAFS) of carbon-based materials.*24%1 Unfortunately, the relative intensities
of the peaks cannot be directly correlated to the number of equivalent atoms without EELS

spectral simulations, which would be necessary for quantitative interpretation.
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Figure 7. EELS carbon K-edge spectra of pristine Cu(Li.)-p-DHT (solid black line), the
Cu(Li2)-p-DHT/KB600 composite (dotted black line), and the Cu(Li.)-p-DHT/KB600
composite after charging to 3.7 V (green) and 4.0 V (red) vs. Li*/Lli, respectively.

The spectrum obtained from material recovered from a battery charged to 4.0 V (C) differs
significantly from that of the pristine Cu(Li2)-p-DHT. The most prominent change in the
spectrum is a decrease in the maximum intensity associated with a broadening of the 287.7 eV
peak, attributed to phenolic groups, which are involved in the redox process. While more
difficult to interpret, the redistribution of spectral weight toward lower energies in the 292—
305 eV range between the pristine and 4.0 V states suggests significant changes in bond lengths
and electronic density, likely associated with the oxidation-induced formation of quinoid
structures. In the case of the intermediate state-of-charge at 3.7 V (B), the spectrum appears to
lie between those of the pristine and the recovered sample at 4.0 V (C). This intermediate
character is consistent with partial oxidation to the semi-quinone radical state, and no
anomalous features indicative of unexpected electronic configurations are observed. The
oxygen K-edge spectra of both the pristine and the fully oxidized materials (C) exhibit a major

peak at 533.9(1) eV with a minor shoulder at 531.5(2) eV. However, assigning these features



to specific types of oxygen atoms is too uncertain to elaborate further on (Figure S12). As with
the carbon K-edge, the oxygen spectra show a systematic shift of spectral weight toward lower
energies in the 537-552 eV range upon oxidation. Elemental quantification performed by both
EDX and EELS yielded values consistent with the expected stoichiometry. However, due to the
low copper content (<5 at.%), the associated error for Cu quantification was large (exceeding
the typical 10-20 % uncertainty for EELS). The fine structure of the Cu L>3-edge is consistent
with a Cu'" oxidation state, although the low signal makes precise determination difficult
(Figure S13). Lithium content was not quantified by EELS due to its low concentration
(<10 at.%).

In summary, EELS analyses confirms that the full state-of-charge (oxidation to 4.0 V) induces
pronounced changes in carbon electronic structures, consistent with the conversion of phenolate
groups to quinoid species and the associated complete loss of phenolic character. The
intermediate spectrum at 3.7 V (B) reflects the formation of a semi-quinone radical state. These
spectroscopic signatures align with FTIR and electrochemical data, collectively supporting a
gradual two-step lithium extraction.

Finally, it was found relevant to extend our investigation to the subsequent discharge
(Figure S14). The collected FTIR spectra of the recovered positive electrodes post-discharge at
3V after charging up to 3.7V (D) and 4.0 V (E) vs. Li*/Li, respectively, are shown in
Figure S14b. For the latter state-of-charge points, the v(CO-Li) stretching vibration and
aromatic v(C=C) stretching band are completely recovered, indicating re-insertion of lithium
ions and the regain of the aromaticity of the ring. The corresponding potential versus
composition plot, Figure S14a, suggests that charging till 4.0 V enables the extraction of two
lithium ions out of the Cu(Li2)-p-DHT, but it is poorly reversed during discharge. As previously
highlighted, the formation of copper 1,4-benzoquinone-2,5-dicarboxylate in the fully charged
state reduces the number of delocalized negative charges within the ligand. This, in turn,
enhances its solubility in carbonate-based liquid electrolytes and causing rapid capacity fade.
This issue is effectively mitigated when the upper cut-off potential is limited to 3.7V,
corresponding to Cu(Li2)-p-DHT/Cu(Li1)-p-DHT* one-electron reaction, under which the
electrochemical reaction proceeds reversibly with excellent cycling stability (Figure 8) like our
formerly studied M5/, (Li,)-p-DHT (M™ = Li*, Mg?*, Ca*, Ba?*, Zn®*) active materials.[*>1"2]
This controlled redox pathway enables stable cycling with negligible capacity loss and no

visible electrolyte discoloration. An initial discharge capacity of 75.3 mAh g is delivered, with



96% of the capacity retained after 50 cycles and a coulombic efficiency of 99.4 %; the carbon
matrix enabling quite low overpotentials both in charge and in discharge (Figure S14a). When
cycled at the higher rate of 1 Li* exchanged in 5 hours (19.7 mA g1), 400 cycles were recorded
despite a slightly lower stability (Figure S15). The initial discharge capacity of 69.0 mAh g
increased to 72.8 mAh g* at the 6™ cycle before gradually decreasing to 53.5 mAh g* at the
400" cycle with an average coulombic efficiency of 98.3 %.
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Figure 8. Charge/discharge electrochemical behavior of the Cu(Liz)-p-DHT/KB600 carbon
composite electrode (containing 33 wt% of KB600 carbon) measured in Li half-cell
galvanostatically cycled in 1 M LiPFgs in EC/DMC as the electrolyte at a rate of 1 Li*/20 h (I =
4.9 mA g?). (a) Typical potential-specific capacity trace for cycle no. 1, 10, and 50; the green
circle marks the initial open-circuit potential. (b) Corresponding capacity retention and
coulombic efficiency upon cycling.

Conclusion

In this study, we report the synthesis of a novel lamellar lithiated organic cathode material,
Cu(Li2)-p-DHT belonging to our formerly studied M3/ (Li,)-p-DHT (M™ = Li*, Mg?*, Ca®*,
BaZ*, Zn?") family of active host materials. In its initial form, the material displayed limited
electrochemical performance, extracting fewer than one lithium ion per p-DHT*- unit, which
was attributed to reduced reactivity caused by large particle aggregates and associated size
effects. To address these kinetic limitations, we developed a carbon composite of Cu(Li2)-p-
DHT using high-surface-area conductive carbon (KB600), following the established strategy of

carbon-supported organic electrode materials (OEMSs). Unexpectedly, this approach led to the



successful extraction of the second lithium ion giving rise to the full theoretical capacity. This
is the first report of complete two-electron electroactivity in the M(Li2)-p-DHT-based lamellar
system excluding M™ = Li*, formerly reported by Chen’s group.?>2* However, the extraction
of the second lithium ion gives rise to anticipated challenges associated with the reduction of
the ligand’s overall delocalized anionic charge (from a tetranionic to a dianionic organic
backbone), which enhances the solubility of the active material in the fully charged state
(quinone form) when using organic liquid electrolytes. Consequently, the system exhibits poor
electrochemical performance upon cycling, characterized by pronounced polarization. These
results set a new benchmark within the M(Li2)-p-DHT series and offer valuable insights for
advancing sustainable, high-performance organic lithium-ion batteries by reengineering
organic host materials at both the molecular and solid-state scales.
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Achieving full two-electron electrochemical activity in Cu(Li2)-p-DHT (copper(ll) (2,5-
dilithium-oxy)-terephthalate) via in situ growth on high-surface-area carbon black. While the
electrode delivers high capacity, the solubility of the oxidized quinone species hinders long-

term cycling stability.



