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ABSTRACT: The sluggish reaction kinetics at the cathode/electrolyte s~ Li,S c
interface of lithium—sulfur (Li—S) batteries limits their commercializa- LiS 2e
tion. Herein, we show that a dual-regulation system of iron 272 Diffusion f\ N
phthalocyanine (FePc) and octafluoronaphthalene (OFN) decorated on ; o g8 ‘ Ss ® Fe
graphene (Gh), denoted as Gh/FePc+OFN, accelerates the interfacial Li,S f\ ’ '\ / G T §
reaction kinetics of lithium polysulfides (LiPSs). Multiple in situ > cnbabet LS, P “’:;. Li
spectroscopy techniques and ex situ X-ray photoelectron spectroscopy 6’5 vfé’ @ar e ﬁwm‘h@;gwR H
combined with density functional theory calculations demonstrate that . i ,r.,..,.. _.’?‘tz “16% w'
FePc acts as an eflicient anchor and scissor for the LiPSs through Fe+-S r‘*"”r:}*ﬁ‘f‘:::}::::*‘;i }::';‘3,‘:‘,
e e Bt («i.{i iy

coordination, mainly facilitating their liquid—liquid transformation, , : :
whereas OFN enables Li-bond interaction with the LiPSs, accelerating %wSeSeS oot eserese
the kinetics of the liquid—solid nucleation and growth of Li,S. This dual-

regulation system promotes the smooth conversion reaction of sulfur, thereby improving the battery performance. A Gh/FePc
+OFN-based Li—S cathode delivered an ultrahigh initial capacity of 1604 mAh g' at 0.2 C, with an ultralow capacity decay
rate of 0.055% per cycle at 1 C over 1000 cycles.
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mong state-of-the-art energy storage devices, lithium— principle, the electrochemical reduction reaction of sulfur can
sulfur (Li—S) batteries are considered as promising be roughly divided into the following four steps:*>**
alternatives to lithium-ion batteries (LIBs) owing to Step I: A solid—liquid conversion from elemental sulfur to
their ultrahigh theoretical capacity (1675 mAh g™') and energy soluble Li,Ss.
density (2600 Wh kg™'), low cost, and nontoxicity as well as + _ )
the environmental benignity of sulfur.'™ However, the Sg + 2Li" +2e — Li)5, (1)
commercial application of Li—S batteries is impeded by several Step II: A liquid—liquid reaction between the soluble Li,Sg and
obstacles, including the insulating nature of sulfur and the Li,S,.
corresponding discharge products (Li,S,/Li,S), the shuttle . . _ .
effect of the soluble lithium polysulfides (LiPSs), and the large LiSg + 2Li" + 2 — 2Li,S, ()

volume expansion from the reactants to final products, leading
to rapid capacity degradation, low Coulombic efficiency, and
active material loss."” ¢ To date, strenuous efforts have been
exerted to address the foregoing issues, including the
introduction of various sulfur hosts (e.g, heteroatom-dolped Li,S, + 2Li" + 2¢” — 2Li,S, (3)
carbonaceous materials,”® metal oxides,”'® metal sulfides,""'*

and conducting polymers'>'*) and a broad range of mediator
materials (e.§., metals,"> metal compounds,16 and nonmetallic
polymer'”'®). Despite some success, the performance
improvements remain limited, especially at high areal sulfur
loadings.'”** More urgently, many scientific and technical
issues in the complex conversion reaction system from sulfur to
Li,S, which involves 16 electrons, must be clarified.*"** In

Step III: A liquid—solid transition from the soluble Li,S, to
insoluble Li,S, or Li,S through the simultaneous reactions in
eqs 3 and 4.
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Figure 1. (a) Schematic illustration of the stepwise synthesis process for the Gh/FePc+OFN composites. (b) Schematic configuration of a
Li—S battery based on the Gh/FePc+OFN cathode and the mechanisms of adsorption and conversion of LiPSs at the Gh/FePc+OFN

composites.

Li,S, + 6Li" + 6e” — 4Li,S (4)

Step IV: A solid—solid reaction between the insoluble Li,S,
and Li,S.

Li,S, + 2Li" + 2e” — 2Li,S (s)

Step II is related to the liquid—liquid transition of soluble
LiPSs, and the key issue is how to rapidly slice the LiPSs and
effectively inhibit the shuttle effect; thus, this step is
understood as the LiPS-scission control step. Lithium supplies
become even more important in the liquid—solid (Step III)
and solid—solid (Step IV) reactions; thus, Steps III and IV are
regarded as Li-supplementation control steps. Recent studies
have demonstrated that the Li-supplementation process is a
pivotal step because of the sluggish kinetics conversion from
Li,S, to the final Li,S.”>~*" In this sense, to realize the smooth
solid—liquid—solid conversion of sulfur species, the design of
an efficient regulation system that can synchronously
coordinate the LiPS-scission and Li-supplementation control
steps is needed.

Herein, we proposed a dual-regulation strategy and designed
a ternary mediator for an advanced Li—S battery by coupling
iron phthalocyanine (FePc) and octafluoronaphthalene (OFN)
with graphene (Gh) successively, denoted as Gh/FePc+OFN.
In our design, FePc acts as the LiPS-scission mediator, which is
favorable for facilitating efficient LiPSs conversion, thus mainly
accelerating the Step II reaction, whereas OFN favors binding
to Li* (or LiPSs) via Li-bond and serves as an immobilized Li*-
transfer mediator to accelerate the kinetics of the Step III and
Step IV reactions. In situ spectroscopy (i.e., Fourier-transform
infrared reflection absorption spectroscopy (FT-IRAS), ultra-
violet (UV)—visible absorption spectroscopy), ex situ X-ray
photoelectron spectroscopy (XPS), and electrochemical
impedance spectroscopy (EIS) investigations combined with
density functional theory (DFT) calculations support and
explain our dual-regulation-system model. A cathode inte-
grated with the Gh/FePc+OFN mediator exhibited excellent

7539

performance, delivering an ultrahigh initial capacity of 1604
mAh g™ at 0.2 C (theoretical capacity = 1675 mAh g™') and
exhibiting an ultralow capacity decay rate of 0.055% per cycle
at 1 C over 1000 cycles. This dual-regulation strategy can assist
in resolving the aforementioned obstacles associated with Li—S
batteries, offering a promising avenue to achieve high-capacity
Li—S and other rechargeable technologies.

RESULTS AND DISCUSSION

Synthesis and Characterization of Gh/FePc+OFN
Composites. The stepwise synthesis of the ternary composite
is schematically illustrated in Figure la. Initially, FePc
molecules were conjugated to the surface of Gh by
ultrasonication, producing Gh/FePc composites. To examine
the interaction between FePc and Gh, XPS analysis was
performed, and the results are presented in Figure Sla. The Fe
2p peaks of the Gh/FePc composites shifted to higher field
compared with those of FePc, which is reasonably attributed to
the 7—7 conjugation formed between FePc and Gh.***” In this
noncovalent combination of FePc and Gh, the electrons of the
Fe atom in FePc were partially transferred to Gh, resulting in
the negative electricity on the surface of Gh.”” The DFT
calculation further confirms that the interfacial charge transfer
was approximately 0.11e from the FePc molecule to Gh and
that intramolecular charge redistribution also occurred at the
FePc macrocycle because of the convex structure of FePc
(Figure S2). Subsequently, OFN molecules were introduced
into the Gh/FePc composites via sonication, and the ternary
composites thus formed are referred to herein as Gh/FePc
+OFN. For comparison, OFN was also mixed with Gh via
ultrasonication to prepare Gh/OFN composites. Further XPS
analysis of the Fe 2p and N 1s spectra of the Gh/FePc and
Gh/FePc+OFN composites indicated that the Fe 2p, ,, peak at
723.4 eV, Fe 2p; ), peak at 710.8 eV, and N 1s peak at 398.9 eV
shifted to higher field after OFN was incorporated into the
Gh/FePc composites (Figure Slab), whereas the F 1s XPS
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Figure 2. Electrochemical performance of Li—S batteries. (a) cv profiles of CNTs—S/Gh/FePc+OFN cathode between 1.6 and 2.8 V for the
first four cycles, recorded at a scan rate of 0.1 mV s~ (b) The fourth cycle of CV profiles for CNTs—S/Gh, CNTs—S/Gh/OFN, CNTs—S/
Gh/FePc, and CNTs—S/Gh/FePc+OFN cathodes. Right inset is higher magnification of the reduction current between 2.36 and 2.44 V, and
the left inset is a higher magnification of the reduction current between 1.96 and 2.08 V. (c) The rate capabilities of the CNTs-S/Gh, CNTs-
S/Gh/OFN, CNTs-S/Gh/FePc, and CNTs-S/Gh/FePc+OFN cathodes. (d) Galvanostatic charge—discharge profiles of the four cathodes at
0.2 C in the second cycle. (e) Cycling performance of CNTs—S/Gh/FePc+OFN cathode over 1000 cycles at 1 C. (f) Cycling stability of
CNTs—S/Gh/FePc+OFN cathode with a sulfur mass loading of 4.0 mg cm™2 measured at a rate of 0.1 C for 150 cycles.

spectra of the Gh/OFN and Gh/FePc+OFN composites
revealed that the peak at 688.2 eV shifted to a lower field due
to the incorporation of FePc (Figure Slc). These findings
indicate that Gh/FePc transfers electrons to OFN in the Gh/
FePc+OFN system, which can likely be attributed to the
excellent electrophilic properties of OFN.”" Analyses of the
adsorption energies based on the DFT calculation indicated
that the most favorable site for OFN molecules on Gh/FePc is
next to FePc at the valleys of Gh, as depicted in Figure 1b and
Figure S3, resembling the cases of organic molecular self-
assembly on inorganic substrates. In addition, the charge
transfer from FePc and Gh to OFN was in the range of a few
hundredths of electrons per molecule. To investigate the
application of the ternary composites in Li—S batteries, Gh/
FePc+OFN were incorporated as mediators in carbon
nanotubes (CNTs)—S composites to form CNTs—S/Gh/
FePc+OFN cathodes. For comparison, CNTs—S/Gh, CNTs—
S/Gh/FePc, and CNTs—S/Gh/OFN cathodes were also
prepared using the same method, as detailed in the
Experimental Section. Li—S batteries were then fabricated
and examined to explore the properties of the composites and
the sophisticated interactions between LiPSs and composites.

Electrochemical Performance of Li—S Batteries. To
evaluate the electrochemical properties of the Li—S battery
with the CNTs—S/Gh/FePc+OFN cathode, the cathode was
cycled in the voltage range of 1.6—2.8 V at a scan rate of 0.1
mV s'. Cycle voltammograms (CVs) obtained from the
CNTs—S/Gh/FePc+OFN, CNTs—S/Gh/FePc, CNTs—S/
Gh/OFN, and CNTs—S/Gh cathodes during the first four
cycles are presented in Figure 2a and Figure S4. Two
characteristic peaks were observed in the cathodic scans of
the four cathodes. The first peak at ~2.3 V (P,) is assigned to
the conversion of elemental sulfur (Sg) to long-chain LiPSs
(Li,S,, 4 < n < 8) and further to short-chain LiPSs (Li,S,, n <
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4).>%% The second peak at ~2.05 V (P,) is assigned to the
reduction of the soluble short-chain LiPSs to insoluble Li,S,
and eventually to Li,S.>* During the subsequent anodic scan,
Li,S were transformed into LiPSs and finally into elemental
sulfur, giving rise to two distinct oxidation peaks at ~2.3 (P;)
and ~2.35 V (P,).>>*° The variation in the cathodic and
anodic peaks between the first and subsequent cycles is
attributed to the rearrangement of active sulfur to more
energetically stable sites.”” In the subsequent three cycles, the
almost identical CV plots for the CNTs—S/Gh/FePc+OFN
indicate its highly reversible electrochemical properties. The
CV curves of the above four cathodes for the fourth cycle are
compared in Figure 2b. The CNTs—S/Gh/FePc+OFN
cathode clearly exhibits the highest current density and
relatively optimal potential in each redox peak, suggesting
that this cathode possess the fastest electrochemical reaction
kinetics on the cathode surface. From the right inset of Figure
2b, the onset potentials in the first cathodic peaks for the
CNTs—S/Gh/FePc and CNTs—S/Gh/FePc+OFN cathodes
are more positive, indicating that the use of the FePc molecule
as a mediator can promote the conversion of long-chain LiPSs.
In addition, the second cathodic peaks of the CNTs—S/Gh/
OFN and CNTs—S/Gh/FePc+OFN cathodes indicate more
positive potentials compared with those of the other cathodes
without OFN, as observed in the left inset of Figure 2b,
suggesting that the OFN mediator plays a crucial role in
converting short-chain LiPSs into insulating Li,S. The voltage
hysteresis (AV, obtained by subtracting the voltage at P, from
the voltage at P;) and collection coefficient (I; /Iy, the ratio of
the peak current at 2.05 V (I ) associated with the formation of
solid sulfides to the peak current at 2.3 V (I;) associated with
the formation of LiPSs) values derived from the CV data in
Figure 2b are summarized in Table S1. The CNTs—S/Gh/
FePc+OFN cathode exhibit the highest collection coeflicient
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Figure 3. Study of chemical interactions between composites and LiPSs. (a) F 1s, (b) Li 1s XPS spectra of cycled CNTs—S/Gh/FePc+OFN,
CNTs—S/Gh/FePc, CNTs—S/Gh/OFN, and CNTs—S/Gh.Ex situ XPS spectra of (c) Fe 2p, (d) Li 1s of CNTs—S/Gh/FePc+OFN, (e) Li 1s
of CNTs—S/Gh/FePc, (f) Li 1s of CNTs—S/Gh/OFN at five different discharge/charge states: fully charged state at 2.8 V, half discharged
state at 2.1V, fully discharged state at 1.6 V, half charged state at 2.1 V, and fully charged state at 2.8 V. The schematic diagrams to show the
adsorption and conversion mechanisms of LiPSs at the surface of (g) CNTs—S/Gh/FePc+OFN, (h) CNTs—S/Gh/FePc, and (i) CNTs—S/
Gh/OEN, respectively. The yellow and green balls represent S and Li atoms, respectively.

and the lowest voltage hysteresis, further confirming that the
redox reaction kinetics proceed faster on the surfaces of the
CNTs—S/Gh cathodes modified with the FePc+OFN
mediators.

A series of experiments were carried out to evaluate the
effect of the mass ratio of FePc to OFN in Gh/FePc+OFN
composites (Figure SS). The results indicate that the battery
performance was optimal when the mass ratio of FePc to OFN
was chosen as 1:1 in Gh/FePc+OFN composites. The rate
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capability of the CNTs—S/Gh/FePc+OFN cathode was
compared with those of the other three cathodes at rates
from 0.2 to 1.5 C (1 C = 1675 mAh g"), as shown in Figure
2¢c. The CNTs—S/Gh/FePc+OFN cathode exhibited the best
rate performance, with specific capacities of 1604, 1170, 1067,
1019, and 915 mAh g_1 at 0.2, 0.5, 0.8, 1, and 1.5 C,
respectively. In contrast, the initial capacities of the CNTs—S/
Gh cathodes with a single mediator, ie, the CNTs—S/Gh/
FePc and CNTs—S/Gh/OFN cathodes, decreased to 1472
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and 1334 mAh g/, respectively. The CNTs—S/Gh cathode
without any mediator delivered a limited initial capacity of
1195 mAh ¢! at 0.2 C, and its capacity dramatically decreased
to 733 mAh g~ at a high rate of 1.5 C, indicating its relatively
low rate capability. The decline in the capacity of the first
several cycles for the four cathodes at 0.2 C may be caused by
the rearrangement of active sulfur from its original position to
more energetically stable sites during activation process, which
is a common phenomenon as it can be found in many previous
reports related to Li—S batteries.”” The highly reversible and
excellent rate performance of the CNTs—S/Gh/FePc+OFN
cathode was further demonstrated by the easy recovery of the
capacity after cycling. As observed in Figure 2c, after cycling at
different rates from 0.2 to 1.5 C, the capacity of the CNTs—S/
Gh/FePc+OFN cathode was recovered to 1193 mAh g_1 when
the current density was abruptly switched back to 0.2 C.
Notably, the CNTs—S/Gh/FePc+OFN cathode displayed an
ultrahigh initial discharge capacity of 1604 mAh g”' at 0.2 C,
which is quite close to the theoretical value of 1675 mAh g™!
and has rarely been reported previously in the literature (Table
S2). The galvanostatic charge/discharge profiles of the four
cathodes at a current rate of 0.2 C in the second cycle were
compared in Figure 2d. The capacity difference between
charge and discharge in Figure 2d is attributed to the
aforementioned sulfur rearrangement and the incomplete
conversion from long-chain LiPSs to the final solid products
at the end of the discharge, which leads to the inevitable loss of
active substances in the initial cycles. It was found that the
CNTs—S/Gh/FePc+OFN cathode had two well-defined
discharge plateaus between 1.6 and 2.8 V (red curves in
Figure 2d), which is very well consistent with the multistep
electrochemical reaction of sulfur. The contributions of
capacities from the reactions between Gh, FePc, and lithium
to the battery can be neglected, since these reactions usually
occur below 1 V,***? which are out of probe potentials. In
addition, considering the content of OFN in the CNTs—S/
Gh/FePc+OFN cathode is as low as 1 wt %, the contribution
of OFN to the capacity can also be ignored. Hence, it is
reasonable to conclude that sulfur contributes almost all of
capacity to the CNTs—S/Gh/FePc+OFN-based battery. The
CNTs—S/Gh/FePc+OFN cathode also displayed the lowest
voltage hysteresis (AE, the voltage gap between the charge and
discharge plateaus) among the four cathodes, as shown in
Figure 2d and Figures S6 and S7, which is consistent with the
AV values of the CV plots (Table S1). Because the rate
capability is related to the kinetic properties of the Li—S
battery, all the above findings strongly indicate that the
introduction of FePc+OFN mediator is beneficial for
enhancing the sulfur utilization and accelerating the redox
kinetics of LiPSs at the cathode surface, resulting in such high-
rate performance of the CNTs—S/Gh/FePc+OFN cathode.
The longer cycling life of the Li—S battery using the CNTs—
S/Gh/FePc+OFN cathode at 1 C is demonstrated in Figure
2e. The CNTs—S/Gh/FePc+OFN cathode exhibited excellent
cycling durability. The discharge capacity remained at 423
mAh ¢! after 1000 cycles vs 962 mAh g' at the first cycle,
indicating a low capacity decay rate of 0.055% per cycle, which
is comparable or better than that of other high-energy Li—S
batteries (Table S2). Targeting practical applications of Li—S
batteries in hybrid electric vehicle (HEV) and electric vehicle
(EV) batteries, a CNTs—S/Gh/FePc+OFN cathode with 4.0
mg cm” sulfur areal loading was fabricated and tested. As
depicted in Figure 2f, the CNTs—S/Gh/FePc+OFN cathode
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displayed a high capacity retention of 83% over 150 cycles,
indicating the high performance of the CNTs—S/Gh/FePc
+OFN cathode and its potential for practical application.
Mediating Mechanism of Gh/FePc+OFN Mediator in
Li—S System. High-resolution F 1s, Li s, and Fe 2p XPS
spectra of the above four cathodes after two cycles are shown
in Figure 3 and Figure S8. Considering the effect of
poly(vinylidene fluoride) (PVDF), sodium alginate
(C4¢H,0¢Na) was used as a binder instead of PVDF for the
F 1s and Li 1s spectra. The peak with a binding energy of 688.7
eV for —CF; in the F 1s spectra (Figure 3a), contributed by
the complicated decomposition of lithium bis-
(trifluoromethanesulfonyl)imide (LiTESI) in the electrolyte,*’
appeared in all the samples. However, the peak at
approximately 684.8 eV corresponding to LiF products of
the decomposition of LiTFSI was not observed for the
cathodes containing OFN (CNTs—S/Gh/OFN, CNTs—S/
Gh/FePc+OFN) and was only detected in the CNTs—S/Gh
and CNTs—S/Gh/FePc spectra, suggesting that OFN might
regulate the interface reaction.”' Additionally, the peaks in the
Li 1s spectra of the CNTs—S/Gh/OFN and CNTs—S/Gh/
FePc+OFN cathodes were significantly shifted to a lower field
compared with those of the CNTs—S/Gh/FePc and CNTs—
S/Gh cathodes, as observed in Figure 3b, which is attributed to
the electron transfer from the F atom of OFN to Li* (or LiPSs)
that results in Li-bond formation, namely, the formation of the
Li-+F bond, according to previous reports.””~** Since the
electronegativity of F (3.98) is higher than Li (0.98), a Li-bond
(Li-+F) can be formed according to Lewis acid—base
theory.43’44 The F atom in OFN with extra electron pairs, as
an electron-rich donor, naturally serves as a Lewis base site and
interacts with a strong Lewis acid of terminal Li in LiPSs. The
Li—F bond in typical LiF compounds is an ionic bond, which is
formed by electrostatic attraction between cations and anions.
In addition, the Li atom is the main electron donor in the Li—F
ionic bond, whereas it acts as the electron acceptor in the Li-
bond (Li-+-F), resulting in the shift of Li 1s peaks of the CNTs-
S/Gh/OFN and CNTs-S/Gh/FePc+OFN to lower binding
energy. The newly formed bonds between the F atom of OFN
and Li* (or LiPSs) differ from the Li—F ionic bond in typical
LiF compounds, which may explain why the LiF peak does not
appear in Figure 3a for the cathodes with OFN (CNTs—S/
Gh/OFN, CNTs—S/Gh/FePc+OFN). These findings imply
that the OFN mediator has a close affinity with Li* (or LiPSs)
through the effect of the Li-bond and serves as a Li-
supplementation component in the system. Further analysis
of the Fe 2p spectra of the CNTs—S/Gh/FePc and CNTs—S/
Gh/FePc+OFN cathodes with and without cycling in Figure
S8 revealed that the Fe 2p peaks significantly shifted to lower
binding energy after cycling. This shift may result from the
coordination between the central Fe atom in FePc and the S
atom from the LiPSs produced during cycling, where the S
atom donates an electron to the Fe atom.*™* Thus, the
central Fe atom exposed in FePc has a high affinity for the S
atom of LiPSs and can be regarded as a LiPS-anchor
component in the system. The adsorption experiment in
Figure S9 further confirms the high affinity and strong
anchoring capability of FePc to LiPSs. The Gh was used to
improve the conductivity and dispersivity of mediators by
forming n—m conjugation with FePc and OFN, which is
beneficial to transfer electrons and ions rapidly at the interface
and expose more active sites to anchor and transform LiPSs.**
Ex situ XPS analysis is necessary to better understand the
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at 1330 cm™L.

surface layer composition of the cathodes at various discharge
and charge states.”” A series of ex situ XPS results for the Fe 2p,
N 1s, and Li 1s core level of the CNTs—S/Gh/FePc+OFN
cathode surfaces from batteries discharged and charged to
different depths (including the fully charged state at 2.8 V, half-
discharged state at 2.1 V, fully discharged state at 1.6 V, half-
charged state at 2.1 V, and fully charged state at 2.8 V) during
the third cycle are presented in Figure 3¢c,d and Figure S10. As
observed in Figure 3¢ and Figure S10, the Fe 2p and N 1s XPS
peaks related to FePc in the CNTs—S/Gh/FePc+OFN
cathode gradually shifted to higher binding energy with an
increasing degree of discharge, indicating the electron transfers
from Fe and N atoms of FePc to the S atom of LiPSs during
the discharge process. Upon charging, the shifts in the Fe 2p
and N 1s peaks upon discharge were reversed, as observed in
Figure 3¢ and Figure S10, which is indicative of reversible
electron transfer from the LiPSs to FePc. Based on the above
analysis, we speculate that the FePc mediator catalytic redox
reactions of the sulfur cathodes may involve the following
mechanism. In the discharge process, long-chain LiPSs
adsorbed to FePc absorb electrons from the central Fe atom
to form a high-valence Fe, which subsequently promotes the
cleavage of the S—S bond in the LiPSs. In the reverse process,
the short-chain LiPSs contribute electrons to the central Fe
atom of FePc, reducing the high-valence Fe to low-valence Fe,
thereby accelerating the oxidation of LiPSs. During periodic
changes in the valence state of the central Fe atom, the
phthalocyanine ring continuously transfers electrons between
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the LiPSs and the catalytic center, emphasizing the important
role of the conjugate macrocycle in stabilizing metal ions.>’
The results above clearly confirm that FePc not only anchors
LiPSs via a Fe-S coordinate bond but also has a reversible
electronic interaction with LiPSs during the charge and
discharge process, thus facilitating the conversion of LiPSs
and accelerating the kinetic process inside the battery.
Further analysis of the Li 1s spectra of the CNTs—S/Gh/
FePc+OFN cathode in Figure 3d revealed that the Li 1s peak
shifted to lower binding energy upon discharge and shifted
back upon charge, suggesting that there is a strong electron-
transfer effect between Li* (or LiPSs) and OFN through the
aforementioned Li-~-F bond in the discharge and charge
processes. As comparative experiments, ex situ XPS experi-
ments were conducted on CNTs—S/Gh/FePc and CNTs—S/
Gh/OEFN cathodes. Figure 3e shows that almost no deviation
of the Li 1s peak of the CNTs—S/Gh/FePc cathode was
detected during charge and discharge, indicating that there is
no efficient Li--F bond coordination in the system and
reflecting the crucial role of OFN in the formation of Li-bonds.
Notably, the Li 1s peak for the CNTs—S/Gh/OEN cathode at
each discharge/charge state appeared at lower binding energy
than that of the CNTs—S/Gh and CNTs—S/Gh/FePc
cathodes (Figure 3f); however, no further peak shift occurred
for CNTs—S/Gh/OFN during cycling, implying that the
introduction of only OFN into the CNTs—S/Gh cathode
hardly cause the variation of Li-bonds during cycling, although
it is initially helpful for the formation of the Li---F bond. The
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following possible kinetic processes on the CNTs—S/Gh
cathode modified by different mediators (FePc+OFN, FePc,
OFN) are thus proposed. The FePc mediator possesses a
strong capability to capture S in LiPSs through a Fe---S bond
and accelerate the kinetics of the LiPS-scission (Step II)
reaction. The OFN mediator, however, favors binding to Li*
(or LiPSs) via a Li-bond interaction, thereby more efficiently
immobilizing the Li* transport for rapid electronic kinetics of
the Li-supplementation (Step III and Step IV) reaction. With
the advantages from two mediators and their cooperation, the
entire sulfur-conversion reaction on the CNTs—S/Gh/FePc
+OFN surface is very smooth owing to the considerable
acceleration of the kinetics of the LiPS-scission and Li-
supplementation reactions, as schematically illustrated in
Figure 3g. This finding also provides clues to explain the
excellent electrochemical performance of Li—S batteries using
CNTs—S/Gh/FePc+OFN cathodes, as shown in Figure 2. For
the cathode with only the FePc mediator (CNTs—S/Gh/
FePc), LiPS-scission can proceed smoothly upon discharging;
however, the subsequent Li-supplementation reaction would
be sluggish in the absence of the OFN mediator, as illustrated
in Figure 3h. Similarly, when only the OFN mediator is
attached on the CNTs—S/Gh cathode, as illustrated in Figure
3i, despite the formation of some Li---F bonds between OFN
and Li* (or LiPSs) during charge and discharge, the Li-
supplementation reaction is suppressed as the dynamic process
of prior LiPS-scission becomes struggling because of the
absence of the FePc mediator. Consequently, the overall
electrochemical kinetics is limited at the surfaces of the
CNTs—S/Gh/FePc and CNTs—S/Gh/OFN cathodes. Over-
all, by modifying Li-supplementation OFN and LiPS-anchor
FePc mediators on a CNTs—S/Gh cathode, a cathode material
with a dual-regulation system is proposed that enables the
realization of a smooth solid—liquid—solid sulfur conversion
reaction.

In situ FT-IRAS experiments were conducted to correlate
the electrochemical performance of the CNTs—S/Gh/FePc
+OFN cathode in a Li—S battery with the underlying
molecular structure mechanism at the cathode surfaces.”’ CV
measurements of the IR spectro-electrochemical cell with
CNTs—S/Gh/FePc+OFN cathode were also performed. Two
pairs of distinct redox peaks were observed in Figure
4b(i),d(i), which are consistent with the standard coin cell,
indicating a comparable electrochemical process inside the two
cells. The voltage discrepancy between the in situ cell and the
standard coin cell, which can be attributed to the poor
electronic conduction and lithium transport of the IR spectro-
electrochemical cell, is not an inherent problem in the design
of the IR spectro-electrochemical cell.

The redox processes were monitored by FT-IRAS. Figure
4a,c displays two sets of in situ IR spectra for the CNTs—S/
Gh/FePc+OFN cathode at different potentials during
discharge and charge. The spectrum corresponding to the
initial 2.8 V, where no reaction occurs, was taken as a
reference, and the spectral variations at subsequent potentials
can be attributed to the electrochemical reaction induced by
the potential change. Good IR spectra for characteristic C—N
stretching vibrations of FePc were obtained between 1310 and
1370 cm™' (Figure 4a,c).’>>® To better illustrate the
spectroscopic variations within the cathode material during
the discharge and charge processes, the intensity and frequency
of the 1330 cm™' peak were plotted as a function of the cell
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intensities were normalized by setting the integrated area of the
1330 cm™" peak at 2.7 V to 1. In Figure 4b, it can be clearly
observed that during the negative going potential scan, both
the intensity and frequency of the C—N peak were almost
constant up to 2.4 V; the intensity then started to decrease but
the frequency shifted to a higher wavenumber toward 1.8 V;
finally, both the intensity and frequency remained constant
between 1.8 and 1.6 V. In contrast, when the potential was
scanned positively, the spectral features during the charge
process were highly reversible, as observed in Figure 4d; the
intensity and frequency remained constant until the potential
was more positive than 2.2 V, the intensity then increased and
reached the original value at approximately 2.6 V while the
frequency shifted to lower wavenumber; finally, both the
intensity and frequency remained constant with increasing
potential for the cathode. The significant changes in the
intensity and frequency of the C—N peak during discharge
(24—1.8 V) and charge (2.2—2.6 V) are very well matched
with the electrochemical conversion behavior of sulfur (or
lithium sulfide) in the Li—S system, suggesting a strong
electronic interaction between sulfur and the FePc molecules
during the redox reaction of sulfur on the cathode surface.

Considering the ex situ XPS findings, where the N atom in
the pyrrole ring of the FePc molecule donates electrons to and
accepts electrons from LiPSs through the central Fe atom in
the discharge and charge processes, we further investigated the
reason for the changes in the C—N peak during discharge and
charge as observed in Figure 4. It is generally believed that
substances with more sulfur have stronger electron-absorption
ability; therefore, it is reasonable to consider the electron
absorption ability of LiPSs to be continuously enhanced with
increasing the chain length. At the beginning of the discharge
(2.7-24 V), Li,Ss, as the main component of the sulfur
species in the system, has the strongest electron adsorption
capacity to Fe and N atoms of the FePc molecule (the
structure of the FePc molecule is delineated in Figure S11)
among the LiPSs. Thus, the bond strength of Fe---S was the
strongest and the C—N dipole moment or the angle 6 between
the C—N axis and surface might be the largest at this stage,
giving rise to the largest surface normal component of C—N
dipoles according to the IR surface dipole selection rule and
the weakest bond strength of C—N.>* Thus, we observed the
strongest intensity and lowest wavenumber of the C—N peak
in the IR spectra between 2.7 and 2.4 V in Figure 4b. When the
long-chain LiPSs (Li,S,, 4 < n < 8) are further reduced to form
short-chain LiPSs (Li,S,, n < 4) and finally insoluble Li,S,/
Li,S in the potential region of 2.4—1.8 V,”° the ability of LiPSs
to attract electrons from Fe and N atoms become weaker,
yielding a stronger C—N bond and leading to a decrease of the
surface normal component of C—N dipoles because of the
smaller @ or C—N dipole moment. As a result, decreased
intensity and an upshift of the C—N peak were observed. At
the end of the reduction process (1.8—1.6 V), because the
chain length of Li,S,/Li,S varies minimally, less electronic
interaction between S and the Fe or N atom occurred in the
system, resulting in the constant intensity and frequency of the
C—N peak. The opposite trend was observed for the charge
process.

In addition to exploring the electrode/electrolyte interface,
the change of the electrolyte system is also critical to
understanding the mechanism of the Li—S system. In situ
UV-—visible absorption spectroscopy was employed to track
the variation of various dissolved LiPS species generated from
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Figure 5. In situ UV—visible absorption spectroscopic and EIS study of the catalytic mechanism. The normalized absorbance of (a) Sg*~ (492
nm) and (b) S;*” (617 nm) in Li,S, solution and (c) S,>~ (420 nm), (d) S;*” (617 nm) in Li,S, solution as a function of potential at
different electrodes surfaces during discharge. (e) The Nyquist plots of CNTs—S/Gh/FePc+OFN cathode after 5th, S0th, 100th, and 150th
cycles. (f) The mass-transfer resistance (R,,) of four cathodes after different cycles.

the electrochemical reduction of the Li,S, (n = 8, 6, 4) solution
at the four electrodes (Gh/FePc+OFN, Gh/FePc, Gh/OFN,
Gh).*® The results are presented in Figures S12—S14, where
the absorbance peaks at wavelengths of 492, 475, 420, and 617
nm correspond to the S¢>7, S¢¥7, S,&7, and S;*7 ions,
respectively.”” To clearly demonstrate the changes in the
amount of soluble LiPSs during discharge, the normalized
intensities of the absorbance peaks for Sg*~ (at 492 nm), Sg*~
(at 475 nm), S,*~ (at 420 nm), and S;*~ (at 617 nm) in
Figures S12—S14 were determined and plotted as a function of
potential in Figure Sa—d and Figure S13e,f. It can be observed
that in Li,Sg solution (Figure Sab and Figure S12), the
electrodes with the FePc mediator (Gh/FePc and Gh/FePc
+OFN) exhibited lower absorbance intensities of Sg*~ but
higher absorbance intensities of S;*~ than those of the Gh and
Gh/OEN electrodes, clearly suggesting that FePc can
accelerate the conversion of long-chain LiPSs (Sg®”) and
promote the formation of the S;*” radical. Further analysis
revealed that the absorbance intensities of Sy~ and S;* for
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the Gh/FePc and Gh/FePc+OFN electrodes were almost
identical and that those for the Gh and Gh/OFEN electrodes
were also comparable, hinting that OFN may not affect the
conversion of Sg*~. Similar conclusions can also be deduced for
fresh Li,Ss solution when analyzing the intensities of S¢*~ and
S;* radicals for the above four electrodes, as shown in Figure
S13. In contrast, when the four electrodes were exposed to
Li,S, solution, the intensities of S,>~ for the two electrodes
with OFN, ie, Gh/FePc+OFN and Gh/OFN, were much
lower than those of the two electrodes without OFN, whereas
the corresponding intensities of the S;* radicals were higher,
as observed in Figure Sc,d and Figure S14. This finding
indicates that OFN can facilitate the conversion of short-chain
LiPSs. In addition, FePc was observed to have a limited
catalytic effect on the conversion of S,>~ when the intensities
of S~ and S;* radicals were analyzed for the Gh/FePc
electrode. The UV—visible spectroscopy results coupled with
the above XPS and FT-IRAS data further confirm that FePc is
more inclined to accelerate the conversion of long-chain LiPSs
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Figure 6. Theoretical analysis of the electrochemical reaction process of LiPSs. The adsorption energies of Sg and LiPSs deposited onto Gh/
FePc+OFN (top) and Gh/FePc (bottom) composites. Inset: Front views of the considered structures of the electrochemical reaction process
of LiPSs. The gray, blue, light blue, light purple, cyan, yellow, and white balls represent C, N, Fe, Li, F, S, and H atoms, respectively.
Histogram: Comparison of adsorption energy of sulfur species on Gh/FePc and Gh/FePc+OFN composites.

(Li,S,, 4 < n < 8) and the generation of S;*~ radicals, whereas
OEFN is prone to facilitate the conversion of short-chain LiPSs
(LiyS,, n < 4).

Considering the strong relationship between the electro-
chemical performance of Li—S batteries and the interfacial
charge-transfer and mass-transfer processes and lithium-ion
diffusion in the cathode materials, EIS measurements were
performed for the four cathodes after cycling for different
cycles at 1 C.>** To better analyze the EIS results, the
electrolyte resistance (R,), charge-transfer resistance (R,), and
mass-transfer resistance (R,,,) parameters were determined by
calculating each impedance spectrum in Figure Se and Figure
S15 with the corresponding equivalent circuits,*”°" and
presented in Table S3. As observed in Table S3, the R, and
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R, values for the four cathodes showed little fluctuation over
the span of 5—150 cycles owing to the efficient electronic/
ionic transport between the cathode material and electrolyte.
Unlike for R, and R, there was a significant increase in R at
the interface in the CNTs—S/Gh cathode from the Sth to
150th cycle, as clearly observed in Figure 5f, which is attributed
to the dramatically destructive effect of the incomplete
evolution and consequent uncontrollable accumulation of
discharge products (Li,S,/Li,S). However, the R, values of
the cathodes with the incorporation of OFN (CNTs—S/Gh/
OFN and CNTs—S/Gh/FePc+OFN cathodes) decreased
more with increasing cycle number than those of the
CNTs—S/Gh/FePc cathode. In particular, the lowest R, of
the CNTs—S/Gh/FePc+OFN cathodes in all the measured
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cycles indicates the favorable and sustainable mass-transfer and
regulating effect on the deposition of discharge products at the
interface. It is apparent that OFN can greatly enhance the
reaction kinetics of conversion from short-chain LiPSs to
insulating Li,S,/Li,S, which corresponds well to the in situ
spectroscopic results and the superior electrochemical
performance of the CNTs—S/Gh/FePc+OFN-based Li—S
battery.

The XPS, FT-IRAS, and UV—visible spectroscopy and EIS
measurements strongly confirm that FePc acts as an eflicient
anchor and scissor for LiPSs through Fe---S coordination to
mainly facilitate the liquid—liquid transformation of LiPSs,
whereas OFN enables Li-bond interaction with LiPSs and
accelerates the kinetics of the liquid—solid nucleation and
growth of Li,S.

With the help of DFT calculations, the detailed reaction
process of LiPSs on the Gh/FePc+OFN and Gh/FePc was
further analyzed, as shown in Figure 6. The adsorption ability
of Gh/FePc to long-chain sulfur species (Sg and Li,Sg) was
equivalent to that of Gh/FePc+OFN; however, higher
adsorption energies were generated on Gh/FePc+OFN when
Li,S; is split into short-chain sulfur species (Li,S,, Li,Ss, Li,S,).
This phenomenon is attributed to the difference in the
adsorption behavior of short-chain sulfur species on the
surfaces of Gh and OFN, which ultimately affects the reaction
process of sulfur species on Gh/FePc and Gh/FePc+OFN.
Although FePc exhibits high adsorption ability for LiPSs, the
low adsorptivity of Gh limits the conversion of LiPSs on its
surface, and a long diffusion path from the FePc surface to the
nearby Gh substrate was formed before conversion occurred.
This diffusion process was much slower than the electro-
chemical reaction, greatly reducing the trapping efficiency and
utilization of the LiPSs. In contrast, OFN in the dual-
regulation system served as a moderate acceptor, enabling the
fast nucleation and conversion of LiPSs on its surface, and the
chemical/physical binding of LiPSs on its surface was much
stronger than that on bare Gh. As illustrated, the LiPSs trapped
on the FePc surface rapidly diffused to the edge of OFN,
forming Li-~-F bonds and were then converted into insoluble
Li,S;. The short-range diffusion of short-chain Li,S,(n < 4)
from FePc to OFN boosted the efficiency through fast trapping
and conversion. Thus, fast nucleation/conversion of the LiPSs
was realized in an ideal manner at the interface; as a result, the
LiPSs shuttling was effectively restrained and, more impor-
tantly, sulfur utilization was noticeably improved.

CONCLUSIONS

The crucial role of the Gh/FePc+OFN mediator in the
electrochemical kinetics at the cathode surfaces of Li—S
batteries was investigated using multiple in situ spectroscopy
techniques and ex situ XPS as well as DFT computations. This
Gh/FePc+OFN mediator serves as a dual-regulation system in
the reaction kinetics of LiPSs in Li—S batteries. FePc, with its
strong adsorbing and catalysis ability of LiPSs, mainly
promotes the conversion of long-chain LiPSs (Step II),
whereas OFN enriches the Li* via Li-bonds and serves as an
immobilized Li*-transfer mediator, accelerating the kinetics of
the conversion of short-chain LiPSs (Step III and Step IV).
Li—S batteries incorporating the dual regulation system, i.e.,
Gh/FePc+OFN mediator, into the cathode exhibited extra-
ordinary electrochemical performance, with an ultrahigh initial
capacity of 1604 mAh g~' and a decay rate as low as 0.055%
per cycle at 1 C over 1000 cycles, which is far superior to the
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performance of other reported Li—S batteries. The design of
Gh/FePc+OFN mediator with a dual-regulation function is
clearly critical for the sulfur conversion reaction and has an
enormous potential for the application of Li—S batteries for
EVs and renewable energy storage. We believe that this dual-
regulation strategy can also be further extended to the design
of other electrode materials for advanced energy storage.

EXPERIMENTAL SECTION

Synthesis of CNTs—S/Gh/FePc+OFN, CNTs—S/Gh/FePc,
CNTs—S/Gh/OFN, CNTs—S/Gh. Before synthesis of CNTs—S/Gh/
FePc+OFN cathodes, CNTs—S composites were prepared with a
melting-diffusion treatment, in which the sulfur powders (>99.99%,
metal basis, Aladdin) and the commercial multiwalled CNTs (>95%,
inside diameter, 3—5 nm; Aladdin) were mixed in carbon disulfide
(CS,, > 99.9%; Aladdin) solution at a mass ratio of 4:1, followed by
heating at 155 °C overnight. The sulfur contents of CNTs—S
composites in this work were usually controlled between 75—80 wt %.
Gh/FePc+OFN composites were fabricated by dispersing Gh, FePc
(>98%, Alfa Aesar) and OFN (>98%, Alfa Aesar) into 1-methyl-2-
pyrrolidone (NMP, >99.9%, Aladdin) solution according to a mass
ratio of 1:1:1 and then the mixture was treated through ultra-
sonication and dried at 55 °C for 12 h. Subsequently, the mixtures of
80 wt % CNTs—S powders, 12 wt % conductive scaffold, 5 wt %
PVDF, and 3 wt % Gh/FePc+OFN were added in NMP under
vigorous stirring for 2 h to form a homogeneous suspension. In order
to produce CNTs—S/Gh/FePc+OFN cathodes, the obtained
suspensions were cast on an aluminum foil for electrochemical
performance measurements or a carbon paper for FT-IRAS
measurements and were allowed to evaporate at SS °C in vacuum
for 24 h. The sulfur mass loading in the cathodes is ~1.2 mg cm™
The dried cathode was punched into a disk of 14 mm in diameter for
assembling cells. CNTs—S/Gh/FePc, CNTs—S/Gh/OFN, and
CNTs—S/Gh cathodes were prepared by the similar operations,
only replacing Gh/FePc+OFN by Gh/FePc, Gh/OFN, or Gh.

Electrochemical Measurements. The coin-type (CR202S) cells
were assembled in an argon-filled glovebox with water and oxygen
below 0.1 ppm. Lithium metal was employed as the anode. 1.0 M
LiTFSI in 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME)
(DOL/DME, 1:1 in volume, Suzhou DodoChem Ltd.) containing
0.2 wt % LiNOj additive was used as the electrolyte. The electrolyte/
sulfur ratio for the coin cell was about 15:1 (uL/mg), and both the
areas of cathode and anode are approximately 1.53 cm™. A Celgard
2400 porous separator was sandwiched between the anode and
cathode. Considering the reproducibility of the experiment, 10 cells
were prepared and tested in this work under the same operating
conditions. Cyclic voltammetry and EIS were characterized by a
CHI760E electrochemical workstation (CH Instruments). The CV
was recorded with a scan rate of 0.1 mV s~ between 1.6 and 2.8 V (vs
Li/Li*). EIS was performed on the AC amplitude of 5 mV in the
frequency range from 100 kHz to 0.01 mHz under open-circuit
voltage and room temperature conditions. Galvanostatic charge—
discharge curves, rate performance, and cycle life curves at 1 C were
tested by a Neware Battery Testing System (Shen Zhen Netware
Technology) within the potential range of 1.6—2.8 V (vs Li/Li") at
room temperature. The current and capacity were calculated on the
basis of the mass of the sulfur element.

XPS Characterization. XPS experiments were taken with a
Thermo Fisher Scientific K-Alpha spectrometer using a mono-
chromatic Al-Ka X-ray as an excitation (10 mA, 15 kV). The analysis
area was around 500 ym in diameter, and the instrument base
pressure was 2 X 10~° mbar. Binding energy scale was calibrated to
the C 1s peak at around 284.8 eV. To determine the surface chemical
states of the cathodes developed under cycling of Li—S batteries, the
samples for ex situ XPS measurements were prepared by discharging
(or recharging) the cathode to certain discharge (or charge) states,
disassembled in the argon-filled glovebox, and sealed in a vial before
being quickly transferred to the XPS chamber.
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Electrochemical In Situ FT-IRAS Measurements. The Thermo
Fisher iS50 Fourier-transform infrared reflection spectrometer
employed in this work was equipped with a liquid-nitrogen-cooled
wide-band mercury, cadmium, telluride (MCT) detector. The
configuration of the spectro-electrochemical cell is shown in Figure
S16. Prior to use, the cell was ultrasonically cleaned in absolute
ethanol and dried with nitrogen gas. Li foil and a porous Celgard 2400
membrane were used as the anode and separator, respectively. A 14
mm diameter carbon paper coated with CNTs—S/Gh/FePc+OFN
was employed as the cathode and was mounted onto a micrometer
screw in the spectro-electrochemical cell. The cell was assembled with
the electrolyte of 1.0 M LiTFSI dissolved in a binary solvent of DOL
and DME (DOL/DME, 1:1 in volume) with 0.2 wt % LiNO, additive
in the glovebox. The electrical conductions of the cathode and anode
were achieved by a Ti wire and the stainless-steel micrometer screw. A
p-polarized IR beam was incident onto the cathode/electrolyte
interface by passing through the optical diamond window with an
angle of 45°, and then it was reflected by the cathode surface. In order
to avoid the strong IR absorption by organic electrolyte, the cathode
was precisely pushed down to the triangular diamond window to form
a thin solution layer (1—2 gm). According to the Lambert—Beer law,
the attenuation of IR light before reaching the electrode surface by
passing through the thin electrolyte layer with an angle at 45° was
estimated as ~0.7. It is worthwhile noting that, before IR data
collection, the cathode was cycled at 0.1 mV s™' between 1.6 and 2.8
V until a stable voltammogram was obtained. The IR measurements
were carried out with a scanning potential mode. Each IR spectra was
acquired at cathode surface with an accumulation time of 10 s while
potential was scanned with a rate of 0.1 mV s™'. A CHI760E
electrochemical workstation (CH Instruments) was used for potential
control during the experiments. The current densities were referred to
the geometric area of the cathode (approximately 1.53 cm™). A
reference single-beam spectrum R, was obtained at the first 2.8 V, and
then single-beam spectra R were recorded at 0.1 V intervals at
sampling potentials between 2.7 and 1.6 V. At each potential, 10 scans
were taken at 0.5 cm™ resolution and normalized to the reference
spectrum to give the resulting absorbance spectra A = —log(R/R,). By
this normalization, the positive peaks in the resulting spectra indicate
a gain of the corresponding products, while negative peaks indicate
losses of reactants.

Electrochemical In Situ UV—Visible Absorption Spectrosco-
py Measurements. The two-electrode spectroscopic cell was
prepared using Gh/FePc+OFN modified glassy carbon (GC) as the
cathode, Ti wire as the anode, and 0.5 mM L__1 Li,S, (n =8, 6, 4)
electrolyte, as described in our previous work.*"*® The LiPS$ solutions
(Li,Sg Li,Se, Li,S,) were prepared by mixing Li,S and Sy powder with
the stoichiometric molar ratio (1:7 for Li,S, 1:S for Li,S¢, and 1:3 for
Li,S,) into DMSO. After stirring for 24 h at room temperature (~25
°C) in an argon atmosphere, the cell was assembled in an argon-filled
glovebox and sealed with low vapor-pressure epoxy. For the in situ
UV—visible absorption spectroscopic measurements, the cell was
attached to a UV-—visible spectrometer (UV-1800, Malvwrn
Panalytical); in this way, the UV beam can directly focus on the
glass of the cell. UV—visible spectra were recorded over the range of
200—800 nm with a potential interval of 0.1 mV during discharge.
The potential was controlled using an electrochemical workstation
(CHI760E, CH Instruments). Here, the UV—visible absorbance was
normalized by making the absorbance at 2.8 V as 1. For comparison,
the Gh/FePc, Gh/OFN, and Gh composites modified GC electrodes
were also measured with the same method.

Computational Methods. Spin-polarized DFT calculations were
performed using the FHI-aims code engaging the Perdew, Burke, and
Ernzerhof (PBE) exchange correlation functional >~ The electron
density was determined through iterative diagonalization of the
Kohn—Sham Hamiltonian by Pulay mixing. The tight default basis set
was employed for all considered atoms (H, Li, C, N, F, Fe, S). To
account for the weak noncovalent intermolecular interaction, these
functionals were augmented by the van der Waals scheme of
Tkatchenko and Scheffler.”> The hybrid system was modeled by a
periodic 2-dimensional graphene substrate with molecules and LiPSs
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adsorbates. The hexagonal supercell (10 X 10, a = b = 24.5 A)
containing 200 carbon atoms was chosen for Gh. A vacuum region of
30 A was introduced to ensure the energy convergence. In the self-
assembled molecular layer, Gh substrate and LiPSs adsorbates were all
relaxed until the residual force components were adjusted below 0.01
eV A" A (3 X 3 x 1) Monkhorst—Pack mesh of k-points was
adopted to sample the Brillouin zone. Gaussian smearing was used
with a width of 0.05 eV to determine the partial occupancies.
Moreover, the electron transfers between the organic molecules and
Gh at the optimal configurations were carried out by the Mulliken
population as it provided trends in agreement to more sophisticated
NBO approaches.”® To evaluate the interaction between the ad-
molecule and the Gh substrate, the adsorption energy was calculated
following the equation,

AEad = nEmoIecule + EGh - Emolecule+Gh

(6)

in which E_cuesqn is the total energy of the hybrid organic—
inorganic system, E, g and Eg, are the total energies of the
separated organic molecules and Gh, respectively, and 7 is the number
of molecules deposited onto the substrate.
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