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Intercalation—deintercalation

The serious dissolution of organic electrode materials (e.g., perylene-
3,4,9,10-tetracarboxylic dianhydride, PTCDA) in electrolytes is a major challenge, U G T
deteriorating their electrochemical performances and hindering the interpretation of
the fundamental redox reaction mechanisms including the intrinsic kinetics and the
solvent cointercalation. To address these issues, we propose a rationally designed
sulfonamide-based electrolyte to enable a quasi-solid-state conversion (QSSC) of
the PTCDA cathode by effectively suppressing its dissolution in the electrolyte.
Benefiting from the QSSC, the LillPTCDA cells can retain ~95.8% of the original
capacity after 300 cycles with both high and stable energy efficiencies >95%, even
comparable to the layered transition-metal oxide cathodes, greatly outperforming an
ether-based electrolyte with a high PTCDA solubility. The high energy efficiencies
indicate that the QSSC of PTCDA has intrinsic fast redox kinetics. Furthermore, the
solvent cointercalation mechanism was investigated by density functional theory/
molecular dynamic calculations. This work develops a strategy for designing electrolytes for highly stable and efficient Li—
organic batteries.
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PTCDA® —electrolyte, Figure 1b) moving between the
cathode and the anode. In this scenario, mechanistic studies
of the intrinsic redox reaction mechanism are hampered.
Therefore, to benefit both the cell performance and the
fundamental research, an ideal scenario is to invoke a (quasi-
)solid-state® conversion (QSSC, Figure lc) for the PTCDA
cathode.

For a QSSC without the active material dissolution, one may
first wonder if it would lead to a low utilization of the active
material and sluggish redox kinetics, which is the case for Li—S
batteries” " since the dissolution is essential for activating the
electrical insulator Sg (conductivity: 5 X 107° S cm™)." For
comparison, in principle, such dissolution should not be
necessary for PTCDA due to its high electric conductivity

Organic electrode materials (OEMs)' have become increas-
ingly attractive since they can decouple the dependency of
lithium-based™” batteries on transition metals.* Among all of
the well-studied OEMs, perylene-3,4,9,10-tetracarboxylic dia-
nhydride (PTCDA),>® featuring the molecular structure
composed of perylene and peripherally rich oxygen atoms
(Figure la), is one of the promising candidates for future
applications. However, it still faces major challenges for most
OEMs, the serious dissolution in organic electrolytes and its
related shuttling issue when matching the very reactive
lithium—metal anodes’ (LMAs). It eventually deteriorates
the cycling performance and Coulombic efficiency (CE),
though such a LillPTCDA architecture can maximize the cell
energy density. More importantly, the redox reaction

mechanism of the PTCDA upon Li intercalation and July 30, 2024
deintercalation has been made quite complicated since the October 29, 2024
dissolution—precipitation process (Figure 1b) is involved, as November S, 2024

November 13, 2024

extra energy is needed for overcoming the nucleation barrier
during precipitation and “reluctantly” for keeping the dissolved
redox mediators (RMs, in a solubilized form written as
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Figure 1. Schematic illustration of the reaction mechanisms of the PTCDA cathodes. (a) Proposed reversible Li intercalation—
deintercalation process in PTCDA, corresponding to a specific capacity of ~137 mAh g™'. (b) Dissolution and precipitation process of
PTCDA in the ether-based electrolytes, which can dissolve PTCDA RMs (P*"). The solvated P*~ anions can diffuse to and “poison” the
reactive LMA (“shuttling effect”). During discharging, they need to overcome the nucleation barrier and deposit elsewhere other than the
original states. (c) Proposed quasi-solid-state conversion can be enabled in a weakly solvated N,N-dimethyl-trifluoromethanesulfonamide-
based electrolyte involving the intercalation—deintercalation reaction with suppressing the shuttling effect.

ranging from 107> (nanowire) to 107° (film) S cm™"* (at the
similar level as the LiMn,0O, and LiCoO,'*) due to the 7—z
conjugation between the layer-stacked molecules. Conse-
quently, we can decouple the dissolution behavior and its
effect on the electrochemical performance in the LillPTCDA
cell by realizing the QSSC, which is the basis for simplifying
the redox reaction mechanism and for further improving cell
performance. On the one hand, for the fundamental research,
the ion—solvent cointercalation chemistry'® has been discov-
ered in layered materials with weak interlayer van der Waals
interactions, for example, Li*—propylene carbonate,'® Na*—
ether,'"” and Ca“—dimethylacetamide18 cointercalating into
graphite. For the layered PTCDA cathode, although the
cointercalation of methyl viologen cations and hydronium
(H;0%) has been reported,' it still remains unclear if the
cointercalation occurs in other ion—solvent systems. On the
other hand, round-trip energy efficiency [EE, = CE X voltage
efficiency (VE)] of the LillPTCDA cell, an important
parameter for practical applications but often neglected in
laboratory research,'* should be introduced to evaluate the
redox reaction since the CE and VE are directly associated with
the shuttling effect and the redox kinetics during the charging—
discharging process, respectively.

Although great progress has been made in suppressing the
OEM dissolution by designing various cathode architec-
tures”””" to absorb the RMs or by constructing interlayers”>**
on separators to block the RMs diffusion, these approaches
could not tailor the intrinsic solubility of OEMs. Even for the
high salt concentration electrolytes (HCEs)*”** with minimiz-
ing free solvent molecules, there has been an argument for the
dependency of salt concentration on RM solubility.”®
Localized high-concentration electrolytes (LHCEs)*® can
effectively weaken the electrolyte polarity by introducing
nonpolar components® into polar solvents; however, RMs
could still be dissolved in the polar components, possibly
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forming unneglectable diffusion percolation, which may not be
ideal for favoring QSSC. Therefore, to avoid such complexity,
an effective way for QSSC is to find a single-solvent electrolyte,
where the solvent molecules can dissociate lithium salt
supporting Li* conductivity but can sparingly solvate the
PTCDA RMs at any state of charge (SOC). At the same time,
such an electrolyte should also be compatible with the LMA to
achieve good full-cell performance.

In the present work, to realize QSSC in the PTCDA
cathode, we select a N,N-dimethyl-trifluoromethanesulfona-
mide (DMTMSA) as the electrolyte solvent,”® which belongs
to the sulfonamide family featuring its high LMA-compati-
bility.”” The DMTMSA solvent can dissociate a sufficient
amount (1 M) of lithium bis(fluorosulfonyl)imide (LiFSI) to
retain a sufficient Li* conductivity.”® A single-solvent electro-
lyte, 1 M LiFSI/DMTMSA, has been yielded, which has a
weak solvation capability for the PTCDA molecules. Such a
sulfonamide-based electrolyte effectively inhibited the RM
dissolution, revealed by multiple visual/postmortem analysis
and high CEs of the LillPTCDA cell, indicating a successful
QSSC. High and stable EEs of ~95% over 300 cycles were also
achieved, compared to the steadily decreasing EEs < 90% with
an ether-based electrolyte, demonstrating a faster redox
kinetics for the QSSC than the traditional dissolution-involved
reaction. Furthermore, an excellent cycling performance of
~95.8% capacity retention after 300 cycles was reached by the
sulfonamide-based electrolyte. The density functional theory
(DFT) calculations and molecular dynamics (MD) simulations
implied that the DMTMSA solvent cointercalation unlikely
occurs in the PTCDA bulk, but may be present at the
PTCDA—electrolyte interface. This work points toward the
fundamental pathway and the electrolyte design strategy for
achieving durable and highly efficient Li—organic batteries.
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Figure 2. Electrochemical performances of LillPTCDA cells using different electrolytes. Specific capacity (a) and energy efficiencies (b) with
the investigated electrolytes at 1C (0.1C for the st cycle and 0.5C for the 2nd to 3rd cycles). Corresponding voltage profiles of the cells

using the ether-based (c) and sulfonamide-based (d) electrolytes.

RESULTS AND DISCUSSION

A well-studied ether-based electrolyte,”® 1 M lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) in 1,2-dimethoxy-
ethane (DME):1,3-dioxolane (DOL) 1:1 (v) with 2 wt %
LiNO; (abbreviated as 1 M LiTESI/DME-DOL-LiNO,
hereafter), was chosen as the reference electrolyte. It can
dissolve the PTCDA RMs to enable the traditional dissolution-
involved reaction, but well protecting the LMA by LiNO,
decomposition® prior to the PTCDA RMs. Therefore, the
effect of LMA on the overpotential and cycling stability during
initial cycles can be excluded to make a fair comparison of the
intrinsic cathode performances between the ether- and
sulfonamide-based electrolytes.

The cycling stability of LillPTCDA cells was evaluated with
1 M LiFSI/DMTMSA and 1 M LiTFSI/DME-DOL-LINO,
electrolytes (Figure 2a). With the ether-based electrolyte, the
LillPTCDA cell exhibited a high initial specific capacity of 150
mAh g™! at 0.1C but poor rate performance (87.5 mAh g at
1C) and low capacity retention of ~60.9% over 200 cycles. In
contrast, the cell with the sulfonamide-based electrolyte
delivered an initial capacity of 136 mAh g~' at 0.1C with a
higher capacity of ~99.2 mAh g™" at 1C and a much-improved
capacity retention of ~95.8% over 300 cycles (Figure 2a). The
sulfonamide-based electrolyte also showed more stable CEs of
nearly 100% than the fluctuated ones with the reference
electrolyte (Supporting Information, Figure S1). More
impressively, compared to the steadily decreasing EEs (average
~81.0% over 200 cycles) with the reference electrolyte, stable
and high EEs (average ~95.6% over 300 cycles) were achieved
(Figure 2b), even surpassing the targeting EEs of 90—95% for
LiNi,Mn,Co.0, cathodes.”” Since the average CEs with both

electrolytes are comparable, the large difference in EEs is
attributed to the different overpotentials, indicative of much
faster redox reaction kinetics of the PTCDA in the
sulfonamide-based electrolyte. This can also be reflected by
the much smaller gaps between the charging and discharging
voltage profiles (Figure 2¢,d).

To gain more insight into the kinetics, we conducted
galvanostatic intermittent titration technique (GITT) meas-
urements for the cells after 10 cycles. It is noted that the
overpotentials of the LillPTCDA cell cycled in our electrolyte
were much smaller than those cycled in the reference
electrolyte (Figure 3a). By noticing the different plateaus in
voltage profiles in Figure 2c,d, we further deduced the dQ/dV
plots (Figure 3b,c). The PTCDA cathode with our electrolyte
exhibited two sharp reduction peaks at around 2.4 and 2.3 V
(Figure 3b), while the one with the reference electrolyte
showed multiple reduction gentle peaks with two at 2.5 and 2.7
V (Figure 3c). It is interesting to note that the two-peak
characteristics in our electrolyte are also different from the
PTCDA in the high-concentration ether-based electrolyte™
(e.g, 3 M LiTFSI/DOL-DME), which exhibited similar
characteristics as the 1 M LiTESI/DME-DOL-LINO; electro-
lyte but better suppressing the PTCDA RM dissolution. The
difference in peak characteristics demonstrates that the redox
reaction mechanisms of the PTCDA cathodes in both
electrolytes are different, guiding us to carefully study the
dissolution behavior of the PTCDA RMs that is mostly
associated with the electrolytes.

To visually observe the dissolution behavior, the PTCDA
cathodes at fully charged and discharged states in both
electrolytes (Figure 3d,e, inset) were immersed in the same
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Figure 3. Electrochemical analysis and dissolution behavior of the PTCDA cathodes in different electrolytes. (a) Discharge voltage profiles
of GITT measurements on the cells after 10 cycles in corresponding electrolytes. Corresponding dQ/dV profiles of the cells were obtained
using 1 M LiFSI/DMTMSA (b) and 1 M LiTFSI/DOL-DME-LiNO; (c) electrolytes. Visual discrimination (insets) and UV—vis spectra of
the PTCDA cathodes at fully delithiated (d) and lithiated (e) states immersed into the corresponding electrolytes for 72 h. The PTCDA
cathodes were extracted from the LillPTCDA cells cycled in both electrolytes for 100 cycles.

electrolytes for 72 h (more data on the evolution of color
change with time shown in Supporting Information, Figure
S2). It is apparent that in the ether-based electrolyte, the fully
lithiated PTCDA cathode (Figure 3e inset) has a much darker
color than the delithiated one (Figure 3d inset), indicating a
higher solubility due to the increased polarity by Li
intercalation. However, it is intriguing to note that both the
PTCDA cathodes at fully lithiated (Figure 3e inset) and
delithiated (Figure 3d inset) states showed transparent
solutions in the sulfonamide-based electrolyte. The ex situ
ultraviolet—visible (UV—vis) spectroscopy measurements
(Figure 3d,e) demonstrate a much lower absorbance of the 1
M LiFSI/DMTMSA solutions than the 1 M LiTFSI/DME-
DOL-LiNO; solutions, further verifying the much lower
solubility of PTCDA RMs in DMTMSA.

To further reveal the impact of electrolytes on the Lill
PTCDA cells, we conducted multiple postmortem analyses on
the PTCDA cathodes and the LMAs cycled in different
electrolytes. The morphologies of the PTCDA cathodes were
investigated by scanning electron microscopy (SEM) (Figure
4a—c and Supporting Information, Figure S3). Brick-like
submicron tightly-packed particles with aspect ratios between 3
and 4% were observed in the SEM image of the PTCDA
cathode before cycling (Figure 4a). After 100 cycles in the
sulfonamide-based electrolyte (Figure 4b), only a slight change
in shape with a little porosity can be observed, while the one
cycled in the ether-based electrolyte showed abundant
nanoneedle-like particles with a lot of porosity (Figure 4c).
In the ether-based electrolyte, a large amount of PTCDA was
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dissolved during cycling, which was then consumed by the
reaction with the counter-electrode LMA, which is responsible
for the large difference in the cathode morphology before and
after cycling. In addition, X-ray photoelectron spectroscopy
(XPS) measurements were conducted to inspect the surface
chemistries of the PTCDA cathodes before and after cycling.
Two characteristic peaks corresponding to the C—O and C=
O bonding in the PTCDA molecule were noted for the pristine
cathode (Figure 4d). New peaks in Figure 4e,f representing the
presence of C—O-Li bonding at ~532.5 eV could be
attributed to the lithiated PTCDA. Although the cathodes
for inspection were fully charged, there could still be some
lithiated PTCDA molecules on the cathode surface. Compared
to the cathode cycled in the sulfonamide-based electrolyte
(Figure 4e), the one cycled in the ether-based electrolyte
(Figure 4f) has a much stronger C—O—Li signal, indicating
that more lithiated PTCDA molecules were deposited onto the
cathode surface. Besides the cathodes, the LMAs cycled in
different electrolytes showed large differences in the
morphologies. Uniform and compact Li-metal (Li’) particles
were noted for the LMA cycled in the sulfonamide-based
electrolyte (Figure 4g and Supporting Information, Figure
S4a). For comparison, the one cycled in the ether-based
electrolyte showed large nonuniform Li® agglomerations with a
lot of PTCDA floccules (Figure 4h and Supporting
Information, Figure S4b), though such an electrolyte is a
well-known LMA-compatible electrolyte with uniform Li°
deposition.>* It demonstrates that the dissolved PTCDA
RMs shuttling to the LMA surface affect the Li® deposition,
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Figure 4. Postmortem analysis on the cycled PTCDA cathodes and LMAs. SEM images of the pristine PTCDA cathodes (a) and the ones
cycled in 1 M LiFSI/DMTMSA (b) and 1 M LiTFSI/DME-DOL-LiNO; (c) electrolytes for 100 cycles. Scale bars: 1 gm. (d—f) Surface
chemistries revealed by the XPS measurements on the cathodes in parts (a—c). SEM images of the LMAs cycled in 1 M LiFSI/DMTMSA (g)
and 1 M LiTFSI/DME-DOL-LiNO; (h). Scale bars: 10 um. The cycled PTCDA cathodes and the LMA foils were extracted from the Lill
PTCDA cells after 100 cycles at the fully charged state. The yellow arrows in part (h) indicate the deposited PTCDA on the LMA surface.

which is one of the reasons for the poor cycling performance in
the ether-based electrolyte.

To gain insight into the phase evolution of the PTCDA in
different electrolytes during the discharge—charge process, ex
situ X-ray diffraction (XRD) was conducted on the LillPTCDA
cells at different SOCs between 1.7 and 3 V (Figure Sa). The
reflections of the pristine PTCDA powder and the as-made
cathode before cycling were identical (Supporting Information,
Figure S5). Upon discharging in the sulfonamide-based
electrolyte, the strongest characteristic peak located at 12.35°
shifted toward lower angles after Li intercalation (Figure Sb).
All characteristic peaks were slightly weakened during the
discharge—charge process and recovered to their original
intensity at the fully delithiated state, suggesting that only a
very small fraction of PTCDA on the surface rather was turned
into amorphous or dissolved. In contrast, all of the character-
istic peaks of the PTCDA in the ether-based electrolyte
disappeared after Li intercalation (Figure Sc), clearly indicating
almost all of the PTCDA was dissolved into ethers, which
matches well with the visual observation in Figure 3. Such a
difference in dissolution behaviors has a great impact on the
cell impedance as the dissolved PTCDA RMs can cover the
LMA surface and block ion transportation. In situ electro-

chemical impedance spectroscopy (EIS) was performed on the
LillPTCDA cells with different electrolytes at different SOCs
(Figure Sd,e). During the lithiation/delithiation of PTCDA in
the sulfonamide-based electrolyte, the resistance remained very
stable (Figure Sd) while the cell in the ether-based electrolyte
exhibited higher resistance before cycling that was increased by
a factor of 2 at the full lithiation state and cannot be recovered
after full delithiation (Figure Se). It points to a shuttling
phenomenon where some PTCDA RM:s formed an irreversible
high-impedance SEI on the LMA despite the presence of
LiNO;. From the above results and discussions, it is apparent
that the dissolution of PTCDA in the electrolyte is greatly
suppressed in the sulfonamide-based electrolyte, and thus, the
QSSC is successfully realized, which could be mainly attributed
to the DMTMSA solvent effect (Supporting Information,
Figure S6). Such a QSSC favors fast redox reaction kinetics
with high average EEs of ~95.6% and enables excellent cycling
stability (~95.8% retention over 300 cycles), much better than
the traditional dissolution-involved conversion reaction.

After realizing the QSSC, we can easily calculate the lattice
parameters of PTCDA during the Li intercalation—deinterca-
lation process from the XRD patterns (Figure Sb). It indicates
a volume change of ~2.64% after Li intercalated into the

https://doi.org/10.1021/acsnano.4c10343
ACS Nano 2024, 18, 32723-32731


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c10343/suppl_file/nn4c10343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c10343/suppl_file/nn4c10343_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c10343?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c10343?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c10343?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c10343?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c10343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

b c

.«'\/\\JK\.M./ (102) ©11) ©024) (102) d Sulfonamide
a \ L .
100 : 3 ‘“J‘— : 250| 1oool
__ 80+ \/
9
5
g 607 &
5 )
S 40 9 y
E I
k]
@ 204

0 |

100

(0]
S

g % £
S 2
(=2l
2 60
ey
H]
S 40+
o
)
@
& 20

0+ —=T—— = T — — T

28 24 20 5 10 15 20 25 305 10 15 20 25 30 0 50 100 1500 100 200 300 400 500
Voltage (V) 2 theta (degree) 2 theta (degree) Zre (Q) Zge (0hm)

Figure 5. Phase and impedance evolution during the charging—discharging process in different electrolytes. (a) Voltage profiles of the Lill
PTCDA cell. The gray dots on the profiles correspond to different SOCs for the ex situ XRD measurements in the sulfonamide-based (b) and
ether-based (c) electrolytes. In situ EIS spectra at the same SOCs of the LillPTCDA cells in the sulfonamide-based (d) and ether-based (e)

electrolytes.
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Figure 6. DFT and MD simulations on the solvent cointercalation mechanism. DFT models of simulated pristine PTCDA and PTCDA with
Li intercalation and solvent molecule cointercalation from the top view and the side view. (a) Pristine PTCDA molecules, (b) simulated
PTCDA unit cell incorporating four Li atoms, (c) simulated DMTMSA-inserted PTCDA unit cell. MD simulated interfaces between the 1 M
LiFSI/DMTMSA electrolyte and the PTCDA at different SOCs simulated. (d) Pristine PTCDA before Li intercalation (SOC = 0), (e) one Li
intercalated per one PTCDA molecule (SOC = 50%), and (f) two Li intercalated per one PTCDA molecule (SOC = 100%).

PTCDA compared to the one before Li intercalation. An
important question to be answered is whether the DMTMSA
solvent molecule is cointercalated with the Li* cation into the
stacked PTCDA layers or not. To shed more light on this
critical issue, first-principles density functional theory (DFT)
calculations were performed on the Li-PTCDA-DMTMSA
systems (Figure 6 and Supporting Information, Figure S6).
The original unit cell was constructed of several stacked
PTCDA molecules (Figure 6a). Then, we inserted one, two,
four Li atoms, and one DMTMSA molecule into the crevices
between the stacked PTCDA molecules, respectively. After full

32728

relaxation to an energetically favorable configuration, lattice
constants and the volume change after intercalation (AV) were
calculated (Supplementary Methods and Supporting Informa-
tion, Table S1). It is apparent that the AV after four Li atoms
intercalation is estimated to be 2.76% (Figure 6b), which is
close to with the value deduced from the XRD patterns
(~2.64%). The substantially large AV ~ 42.51% after the
DMTMSA molecule intercalation implies that the DMTMSA
molecule may not be cointercalated into the bulk PTCDA
layers. To further elucidate the dissolution within the interface
between PTCDA and electrolyte, molecular dynamics (MD)
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simulations were conducted according to the reference.’
PTCDA models at three different states of charge (pristine,
SOC = 0; one Li intercalated per one PTCDA molecule, SOC
= 50%; and two Li intercalated per one PTCDA molecule,
SOC = 100%) were constructed (Supporting Information,
Figure S7). The images of the enlarged interfacial regions are
shown in Figure 6d—f. At SOC = 0, the interface between
PTCDA and electrolyte molecules is distinguishable (Figure
6d), and the PTCDA molecules are uniformly distributed
within +3 nm (Supporting Information, Figure S8a). At SOC
= 50%, the crystal structure of PTCDA exhibits slight disorder
due to the asymmetry after Li is intercalated (Figure 6e). The
PTCDA—electrolyte interface shows some interactive dis-
turbance with ~1 nm away toward the electrolyte region
(Supporting Information, Figure S8b) compared to that at
SOC = 0, revealing slight dissolution behavior. The PTCDA at
the fully discharged state (SOC = 100%) is quite similar to that
at SOC = 0, with an increase in the symmetry of the molecular
structure (Figure 6f, Supporting Information, Figure S8c).
These simulations suggest that DMTMSA cointercalation
behavior unlikely occur in the PTCDA bulk but could be
present in the interfacial area.

CONCLUSIONS

By rationally designing a sulfonamide-based electrolyte, 1 M
LiFSI/DMTMSA, the QSSC in the PTCDA cathode was
successfully enabled. The weakly solvated capability of the
DMTMSA-based electrolyte effectively inhibited the histor-
ically problematic dissolution of PTCDA at different SOCs,
which favors the crystalline phase transition and uniform Li-
metal deposition. Benefiting from the QSSC, the LillPTCDA
cell reached a high capacity retention of ~95.8% after 300
cycles in our sulfonamide-based electrolyte, compared to only
~60.9% retention over 200 cycles in the ether-based
electrolyte. A high and stable energy efficiency of ~95% over
300 cycles was also achieved in our electrolyte, demonstrating
an intrinsic faster kinetics for the QSSC of the PTCDA
cathode than the traditional dissolution-involved reaction in
the ether-based electrolyte. The DFT calculations and MD
simulations implied that the DMTMSA solvent cointercalation
may be present at the PTCDA—electrolyte interface but
unlikely occurs in the PTCDA bulk. This work overcomes the
major challenge associated with the dissolution of PTCDA in
electrolytes and develops electrolytes for highly stable and
efficient Li—organic batteries.

METHODS

Materials. Perylene-3,4,9,10-tetracarboxylic dianhydride
(PTCDA) powder was purchased from Macklin Co. Conductive
carbon (Super C4S5), LiFSI, poly(vinylidene difluoride) (PVDF), N-
methyl-2-pyrrolidone (NMP), 1 M LiTFSI in DME-DOL 1:1 (v)
with 2% LiNOj;, and Li-metal foils were purchased from Canrd Co.
DMTMSA solvent was synthesized according to our previous work.”®
All solvents were immersed into S A molecular sieves for 3 days to
remove residual water before use. Molarity (M, mole salt in liter
solution, in mol L™") denotes the electrolyte salt concentration.

Electrochemical Performances. For the PTCDA electrodes, a
slurry was prepared by mixing PTCDA (70%), Super C45 (20%), and
PVDF (10%) in NMP. The slurry was then cast onto carbon-coated
aluminum foil and dried at 120 °C for 10 h under vacuum, followed
by rolling and punching into round disks with 10 mm diameter. The
areal mass loading of active materials is ~2 mg cm™. CR2032 coin
cells were prepared using PTCDA as the cathode, Celgard 2320 as the
separator, and Li-metal foil as the anode in the glovebox with O, and

H,O0 levels <0.1 ppm. The volume of electrolytes per coin cell was
controlled to ~20 uL by pipets. Landt CT-3002A and Neware CT-
4008Tn cyclers were used to perform galvanostatic cycling at different
C rates (1C = 130 mA g™'). GITT test was performed between 1.7
and 3.0 V with current pulse intervals at ~0.5C for 8 min, followed by
60 min rests. In situ EIS was performed on a Solartron XM-studio
electrochemical station at different SOCs.

Characterizations. Cycled Li and PTCDA electrodes were
obtained by disassembling coin cells in the glovebox and then
washing them thoroughly with DME and dimethyl carbonate to
remove residual lithium salts, respectively. The dissolution of RMs in
different electrolytes was measured with UV—vis (PE Lambda950).
The morphology and microstructure of the PTCDA cathodes and
LMAs before and after cycling were examined by high-resolution SEM
(HITACHI SU6600). The surface chemistry of the cycled electrodes
was analyzed by XPS (Thermo Fisher ESCALAB Xi+). The phase
compositions of the PTCDA cathodes at different SOCs were ex situ
collected by XRD (Bruker D8 ADVANCE). The samples for the ex
situ XRD measurements were made by the following steps to increase
the XRD intensity. Bare Al foil was used to replace the carbon-coated
Al foil to reduce adhesion. After slurry coating, drying, and punching,
the electrodes were rolled at a higher pressure than normal. Then, the
active material layer was carefully peeled off of the Al foil, which was
used to make samples at different SOCs and XRD measurements.

Calculations. First-principles calculations were performed using
the Vienna ab initio simulation package (VASP) based on density
functional theory.***” The projected augmented wave (PAW) was
used to describe the interaction energy between ions and electrons,®
and the generalized gradient approximation (GGA) of the Perdew—
Burke—Ernzerhof (PBE) function was used to describe the exchange-
correlation energy.’” In the calculations, we considered spin
polarization, and the DFT-D3 method was adopted for the van der
Waals correction.*® In the structure relaxation convergence process of
the material model, we set the plane wave cutoff energy to 450 eV and
adopted the convergence standard of 10™* eV for the energy. The y-
centered Monkhorst-Pack k-points mesh with a density of 0.04 A™'
for structural relaxation was used to sample the Brilliouin zone."
Considering that sufficient space between PTCDA molecules is
required for the entry of solvent molecules, the original cell was scaled
by 1.2 times equal ratio to expand the space in the cell, and it was
optimized to obtain a pristine unit cell, and then one DMTMSA
molecule was inserted into the expanded cell, and one Li, two, and
four Li atoms were, respectively, inserted into the pristine unit cell,
and the structure relaxation was carried out, respectively. Lattice
constants including a, b, ¢, a, f, ¥ and the volume of unit cell V were
deduced from the relaxed unit cells. AV values were calculated by the
cell volume after intercalation divided by the pristine cell volume
before intercalation. The molecular dynamics (MD) simulation of this
interface system between PTCDA at three different SOCs and
electrolyte solutions were carried out using the Gromacs program
suite.*” The Li*/FSI~ and the DMTMSA molecules were simulated
using CL&P force field parameters43 and the OPLS-AA/M force
field,** respectively. The neutral PTCDA crystal and lithium-
intercalated PTCDA crystals in which the PTCDA molecules have
one and two negative charges were also simulated using the Lennard-
Jones parameters of the OPLS-AA/M force field and the RESP atomic
charge calculated through DFT calculations. All of these topology files
for MD simulation were generated using the auxiliary tools of force
field (AuToFF) web server.” In order to construct the electrode—
electrolyte interface models, the initial simulation boxes containing
240 PTCDA molecules were constructed from the crystal structure
file. A vacuum layer of 15 nm thickness was added in the c-direction of
the model, and then, the lithium cation, FSI anions, and DMTMSA
solvent molecules were inserted according to the real mole ratio of
our electrolyte. These structures were first energy-minimized and then
annealed from 400 to 298.15 K over a 1 ns time period, with a time
step of 1 ps, to reach an equilibrium state. The temperature was
maintained at 298.15 K using the velocity-rescale thermostat™® with a
relaxation constant of 1 ps. The pressure was maintained at 1.01325 X
10° Pa using Berendsen’s barostat with a semi-isothermal compres-
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sibility constant of 4.5 X 107 along the z-axis. Periodic boundary
conditions were applied in all directions, and the electrostatic
interactions and van der Waals forces were treated using the
Particle-mesh Ewald (PME) method with a cutoff distance of 15 A.
Following the energy-minimization and -equilibration steps, a 20 ns
MD simulation was performed, with the trajectory saved every 1 ps.
The interactions between the electrode molecules and solution
molecules were calculated by rerunning the exported trajectories of
isolated components and complex components using Gromacs tool
suites.
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