#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Transition metal decorated phthalocyanine as
a potential host material for lithium polysulfides:
a first-principles study
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The shuttle effect caused by the soluble long-chain lithium polysulfides greatly hinders the practical
application of lithium—sulfur (Li-S) batteries. Therefore, the introduction of suitable anchoring materials
is more effective to mitigate this problem. Transition metal phthalocyanines (TMPc) are regarded as
a new class of sulfur host materials. Here, 4d transition metal (Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd)
decorated phthalocyanines are designed and systematically researched for the performance analysis of
anchoring Sg/LiPSs by first-principles calculations. The results reveal that the bonding strength of LiPSs
can be well adjusted by introducing suitable 4d transition metals into the phthalocyanine structure. The
electronic structure analysis indicates the formation of TM-S bonds between the TMPc substrate
materials and the LiPSs, which is essential to weaken the Li-S bonds and hence slow down the shuttle

effect of LiPSs. ZrPc and NbPc both exhibit excellent potential and thermal stability for facilitating the
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a reduced Gibbs free energy in the rate-determining step (*Li,S, — *Li,S) during the discharge reaction
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1. Introduction

Diverse electrical energy storage systems are closely related to
human society, such as rechargeable batteries with competitive
costs, high specific energy power and long cycling life." These
batteries play a leading role in the fields of portable electronic
devices, electric vehicles, smart power grids, etc. Among the
various batteries, lithium-sulfur (Li-S) batteries have attracted
intense attention due to their exceptionally high theoretical
capacity (1675 mA h g '), energy density (2600 W h kg~ ') and
environmental friendliness.>® Compared with Li-ion batteries,
Li-S batteries are expected to become one of the most prom-
ising alternatives for next-generation energy storage systems.
Despite their great promise, the development of Li-S batteries is
still hindered by some problems such as low active materials
utilization, poor electrode stability, poor cycle life, and low
Coulomb efficiency. The root cause of these matters lies in the
low ion/electronic conductivity of elemental sulfur and
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anchoring LiPSs with TMPc as a host material.

discharge products Li,S/Li,S, in the charge/discharge process,
as well as the soluble long-chain polysulfides (Li,S,, Li,Ss and
Li,Sg) dissolved in the electrolyte solvent from the positive
electrode (known as the “shuttle effect”).*® Therefore, solving
these issues is particularly important for the design and the
commercialization of Li-S batteries.

In the early days of Li-S batteries exploration, various two-
dimensional (2D) materials with large special surface area and
multiple adsorption sites, such as carbon nanotubes (CNTs),”
graphene sheets® have been extensively used as the possible
sulfur hosts to improve the conductivity of cathode and physi-
cally confine the shuttle effect of LiPSs. Among them, carbon-
based materials can not only serve as a porous framework for
adsorbing LiPSs, but also greatly improve the electronic
conductivity of electrode materials. Therefore, the electro-
chemical performance of Li-S batteries has indeed been
improved to a certain extent.” However, until now, researchers
have generally believed that the weak interaction between
carbon-based materials and LiPSs is not sufficiently enough to
prevent LiPSs from being transported into the electrolyte under
high concentration gradients and internal electric fields.'® This
phenomenon reveals that carbon-based materials alone cannot
be used as a perfect matrix for promoting the overall perfor-
mance of Li-S batteries. As an alternative, it has been proposed
to anchor the LiPSs through relatively strong chemical inter-
actions to enhance the capture capability’* and strengthen the
binding ability between the substrate materials and LiPSs
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species.” This method can effectively inhibit the dissolution of
LiPSs into the electrolyte and is essential for improving the
electrochemical performance of Li-S batteries. In the past few
years, researchers have discovered that anchoring a single
transition metal on a substrate material is an effective solution
pattern, which can achieve a strong anchoring and catalytic
effect on the basis of the Li anode and the S cathode.” More-
over, it has been found that the interaction between substrate
materials and adsorbents is mainly due to the transfer of charge
between Li/S atoms in LiPSs and the substrate materials. For
instance, Wu et al.** investigated the InP; monolayer as a viable
substrate material for anchoring LiPSs. Their research showed
that during the adsorption process of LiPSs, electron accumu-
lation mainly occurs between Li and P atoms, and electron
depletion mainly occurs around S atoms. Zheng et al.*® dis-
cussed the use of non-metallic monolayer materials as
anchoring materials in Li-S batteries for the adsorption of
LiPSs. The remarkable performance of C3N,/C,N is attributed to
the bonding of Li-N/C-S and charge transfer. It can be seen that
substrate materials with good physical and chemical properties
are extremely important for the research of Li-S batteries.
Recently, materials based on phthalocyanine structure have
received widespread discussion and research in the field of
energy storage. Phthalocyanine (Pc) is a macrocyclic aromatic
compound with a chemical formula of C;,H;Ng.*® It has four
isoindole subunits connected by a methine or azamethine
bridge. The characteristics of this structure make it having
excellent physical and chemical properties, flexible structure
adjustability. Benefitting from the central cavity of tetrani-
trogen coordination, it can provide a perfect position to anchor
a single transition metal atom." Therefore, it can form tran-
sition metal phthalocyanine (TMPc) structures with the doping
of various transition metal ions, making them natural single-
atom catalysts, which are widely used in various catalytic
reactions, such as oxygen reduction reaction (ORR),"® nitrogen
reduction reaction (NRR)"™ and carbon dioxide reduction
reaction (CO,RR).*® At present, some investigations have
successfully synthesized TMPc materials with excellent
conductivity, which can be directly applied to electrochemical
catalysis reactions and can meet the needs of the reaction by
flexibly adjusting the coordination of transition metal atoms.
Cheviri et al.* researched the adsorption of LiPSs on the OH-
functionalized CoPc. Attributed to the existence of the Li-O
bonds and the Li-N bonds, the adsorption of LiPSs was
significantly stronger than that of carbon-based materials,
indicating that CoPc is a good substrate material. Kim et al.**
adopted cobalt(u)-centered fluorinated phthalocyanine (F-
Co(u)Pc) as the positive electrode of a Li-S battery, which
effectively promoted the conversion reaction between LiPSs
due to the existence of catalytic site on Co(u) active center. In
addition, during the charging process, the strong combination
of Co(u) and S atoms in Li,S weakens the Li-S bonds, resulting
in the lowest dissociation activation energy of Li,S on Co(u)Pc.
By means of coupling FePc and rGO, Ma et al.>* designed a bi-
functional anchored conversion composite material. This
material can effectively capture the dissolved LiPSs, and the
interconnected rGO substrate can also facilitate the transfer of

13976 | RSC Adv, 2022, 12, 13975-13984

View Article Online

Paper

ions and electrons during the reaction, thus speeding up the
redox reaction of the lithium-sulfur battery. Yu et al.>* inves-
tigated the catalytic properties of different 3d transition metals
anchored on the phthalocyanine structure and forecasted the
potential application of TMPc as a battery cathode material in
Li-S batteries. Besides, it is reported that the cavity of H,Pc can
be occupied by about 70 different metal ions with excellent
chemical stability.>**® In view of the large family of TMPc
members and the transition metal atoms, a systematical
investigation of the promising transition metal phthalocya-
nine materials is necessary for the development and applica-
tion of TMPc-based host materials for LiPSs.

Inspired by the work of predecessors, herein, we
systematically investigated the anchoring capability and cata-
Iytic performance of all 4d transition metal (TM =Y, Zr, Nb, Mo,
Tc, Ru, Rh, Pd, Ag, Cd) phthalocyanines (TMPc) on a series of
polysulfides Sg/LiPSs. By first-principles calculations, a compre-
hensive picture of the structures and electronic properties of
TMPc-Sg/LiPSs complexes were provided. Overall, this work
indicates that the binding ability of Sg/LiPSs can be well regu-
lated by the appropriate 4d TMPc structures, and Zr/NbPc
exhibits the excellent potential (the binding energy of ZrPc
and NbPc is 5.18 eV and 4.63 eV) for inhibiting the shuttle effect
in Li-S batteries. In addition, the results of ab initio molecular
dynamics (AIMD) simulations show that most of the TMPc
structures provide a theoretical basis for the feasibility of the
experiment. Our simulations not only are helpful for the
designation of TMPc-based hosting materials for LiPSs, but also
can attract further experimental research.

27-29

2. Computational methods
2.1 Computational details

All spin-polarized density functional theory (DFT) calculations
for all TMPc structures were performed by the Vienna Ab initio
Simulation Package (VASP) code.***' The projector augmented
wave (PAW) method was employed for describing the ions-
electron interaction and the exchange correlation functional
within the generalized gradient approximation (GGA) parame-
terized by Perdew, Burke, and Enzerof (PBE) was used in all DFT
calculations.®?** In addition, the DFT-D3 ** correction with
Grimme scheme was applied to describe van der Waals inter-
action between the adsorbates and adsorbents. The cutoff
energy was set to 520 eV for the plane-wave basis. The conver-
gence standards for the energy and the residual force were set to
10~° eV and 0.02 eV A, respectively. The Brillouin zones were
sampled with a 2 x 2 x 1 Monkhorst-Pack k-point grid for the
H,Pc and all the TMPc structures. The crystal orbital Hamilton
populations (COHP)**** implemented in LOBSTER? was
applied to describe the bonding/anti-bonding state between
atoms.

2.2 Binding energy

The binding strength between the Sg/LiPSs and the H,PC/TMPc
substrates was evaluated by the calculation of the binding
energy (Ep) according to the following equation:***°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Eb = (Esubstrate + Eadsorbate) - Etolal (1)

where Etotal; Esubstrate and Eadsorbate are the total energies of
H,Pc/TMPc-Sg/LiPSs complexes, H,Pc/TMPc, and Sg/Li,S, (x =
1, 2, 4, 6, 8), respectively. The more positive the value of Ej,, the
stronger the interaction between the corresponding substrates
and the adsorbates.

2.3 Charge density difference

The charge density difference was defined as follows:*°
Ap = Ptotal — Psubstrate — Padsorbate (2‘)

wherein Ptotaly Psubstrate and Padsorbate stand for the Chal’ge
densities of H,Pc/TMPc-Sg/LiPSs complexes, H,Pc/TMPc, and
Sg/LiPSs, respectively.

2.4 Free energy change of elementary reaction

The following eqn (3)-(8) described the overall discharge reac-
tions or sulfur reduction reactions (SRRs) process in detail,
where Sg/LiPSs molecules with “*” marked indicate that they
were adsorbed on the TMPc/H,Pc substrate materials.?* The
energy of a single Li ion and an electron (Li* + e~) pair was
treated as the energy of a crystalline Li atom.

Sg + 16Li" — Sg* + 16Li* (AG1) (3)
Sg* + 16Li* + 2¢~ — Li,Sg* + 14Li* (AGR) (4)

)

53]

LirSg* + 14Li" + 2¢~ — LirS¢* + LipS, + 12Li* (AG3)  (

LizS(,* + LizSz + 12L1+ +2¢ —
LisSe* + 2LibS, + 10Li* (AG4)  (6)

LizS4* + 2L12S2 + 10L1+ +2¢ —
Li,S,* + 3LisS, + 8Li* (AGS) 7)

Li»S,* + 3LisS, + 8Li* + 8¢~ — Li,S* + 7Li,S (AG6)  (8)

The Gibbs free energy (AG) of the above SRRs process was
calculated as follows:**

AG = AEDFT + AEZPE — TAS — neU + AGpH (9)

Here AEppr is the electronic energy difference before and
after adsorption of reaction intermediates, AE,p is the zero-
point energy difference between the LiPSs and the adsorbed
state, T is the room temperature (298.15 K), AS is the entropy
change, n and U are the number of electrons transferred and the
effect of an applied bias. AGpy is the correction of pH, which
can be obtained via AGpy = 2.303 x kgT x pH, where kg is the
Boltzmann constant and the calculations presented here are for
pH = 0. For the battery systems, the AE,pr and TAS can be
ignored in the calculation, therefore, when U = 0 V, AG =
AEppr. In order to gain further insight into the catalytic
performance of the charging reaction (reverse reaction of SRRs),
we carried out the transition state (TS) calculations for some
structures. The climbing image nudged elastic band (CI-NEB)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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method* is used to calculate the dissociation energy barrier
of Li,S, and the cut-off energy, SCF convergence and max force
are set to 520 eV, 1.0 x e’ eV per atom and 0.03 eV A™?,
respectively.

2.5 Ab initio molecular dynamic (AIMD) simulation

Since the structure optimization process of the VASP calculation
program is an optimization method using interatomic statics
under standard 0 K conditions, it is not sufficient to understand
the chemical reaction stability of the 4d TMPc structures in Li-S
batteries. While density functional (DFT) ab initio molecular
dynamics (AIMD) can reliably describe the time-evolution of
solid-state systems directly embedded in real-world environ-
ments,* its computational strategy for simulated annealing is
an upgrade from the standard 0 K DFT basic computation.
Therefore, in order to check the thermodynamic stability of all
TMPc structures, calculations of AIMD simulations were
implemented. The optimized TMPc structures were annealed
with 1000 steps to increase the temperature to the target
temperature of 400 K (time step is 1 fs, temperature from 100 K
to 400 K), and then 4 ps equilibrium simulation calculation was
performed at 400 K with a time step of 1 fs. Temperature control
is achieved through the Nosé thermostat model.

3. Results and discussions
3.1 Structural stability analysis

In this study, all 4d transition metal phthalocyanine (TMPc)
structures were considered for the performance analysis for
anchoring Sg/LiPSs. The optimized structures of H,Pc/TMPc
(TM =Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd) and Sg/LiPSs are
displayed in Fig. 1a and b. As illustrated in Fig. 1a, the non-
metal-doped phthalocyanine (H,Pc) structure composed of
four isoindole groups and an inner porphyrazine ring is a large
conjugated system with 18 electrons and is a completely artifi-
cially synthesized compound. Theoretically, all transition metal
(TM) ions can be used to replace the two hydrogen atoms situ-
ated in the center of H,Pc structure, thereby forming a stable
TMPc structure* (except AgPc with a positive formation energy
and the details are described in Table S17) for better anchoring
Sg/LiPSs. Most of the optimized TMPc structures (except YPc,
ZrPc, CdPc) can well maintain the initial planar structure of
H,Pc. The large radius of metal atoms Y, Zr and Cd result in
a non-planar configuration and the introduced metal atoms are
above the macrocyclic plane. Fig. 1b exhibits the fully relaxed Sg/
Li,S, (x = 1, 2, 4, 6, 8) structures, which are consistent with the

previous investigations.***

3.2 Analysis of anchoring performance of Sg/LiPSs adsorbed
on H,Pc/TMPc substrates

Li-S battery is a rechargeable battery with elemental sulfur as
the positive electrode and metal lithium as the negative elec-
trode. Because of its wide range of material sources, high energy
density, large theoretical capacity and so on, it has received
extensive attention and research. However, the biggest technical
obstacle of Li-S battery studies lies in the “shuttle effect” of

RSC Adv, 2022, 12, 13975-13984 | 13977
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Li,S Li,S, Li,S,

Fig. 1

Li,S,

(@) The schematic diagram of the optimized H,Pc?* and TMPc structures. (b) The fully relaxed Li,S, LioS;, LinSs, LixSe, LixSg and Sg

molecules. The N, C, H, S and Li are represented by silver, brown, lavender blush, yellow and green balls, respectively.

LiPSs* (especially Li,S,, Li,S¢ and Li,Sg), which simultaneously
reduces the performance of the cathode and anode. In the
research of this article, we fully investigated the interaction
between various H,Pc/TMPc substrates with Sg/LiPSs clusters.
The binding energy results of H,Pc/TMPc adsorbing Sg/LiPSs
are summarized and displayed in Fig. 2a. It can be intuitively
seen that most of TMPc structures, especially ZrPc and NbPc,
exhibit much better anchoring performance for Sg/LiPSs than
the initial phthalocyanine structure (H,Pc), revealing that the
shuttle effect of LiPSs can be effectively suppressed by the
transition-metal adjusted Pc structure. The binding strength
between most of the soluble LiPSs (e.g., Li,S,, Li,S¢ and Li,Ss)
and H,Pc/TMPc substrates is weaker than that of insoluble

13978 | RSC Adv, 2022, 12, 13975-13984

LiPSs (e.g., Li,S and Li,S,), and the binding energy of Sy is the
minimum. The stable structures of Sg/LiPSs species adsorbed
on all the H,Pc/TMPc substrate materials could be found in
Fig. S1 and S2.t Fig. 2b is a schematic diagram of the optimized
structure of Li,S molecules adsorbed on the NbPc substrate. It
can be seen that lithium-atom (Li;/Li,) are easier to bond with
nitrogen-atom forming Li-N bonds, while TM (Nb) atoms tend
to combine with sulfur-atom to form TM(Nb)-S bonds. The two
newly formed bonds (Li-N and TM-S) are of vital importance in
anchoring LiPSs and the interaction of TM-S bonds play
a dominating role. In addition, the strength of the interaction
between TMPc and Li,S can also be reflected by the bond
lengths of TM-S and Li-S bonds. The columns of different

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Binding energy of Sg/Li,S, (x =1, 2, 4, 6, 8) adsorbed on different H,Pc?*/TMPc surfaces; (b) the schematic diagram of NbPc-Li,S

binding system with atomic label (Liy, Lip, S, Nb and N atoms); (c) the binding energy, TM—-S bond lengths and Li;/»—S bond lengths histogram of

different TMPc-Li,S systems.

colors in Fig. 2c show the results of our statistics. The red,
green, blue and orange columns represent the binding energy of
TMPc adsorbing Li,S, the bond lengths of TM-S, Li;-S and Li,-S
(denoted as Li;;,—S bonds), respectively. As shown in Fig. 2c,
there is a correlation between the binding strength of TMPc
adsorbing Li,S and the TM-S bond lengths. The binding ener-
gies of PdPc, AgPc and YPc to Li,S are relatively small among the
TMPc structures, and the TM-S bond lengths after structure
optimization is obviously larger than other structures. Among
them, the Pd-S bond length of PdPc-Li,S is the longest one
(3.77 A) and its binding energy is also the smallest (0.86 eV).
Moreover, the Li;;»,—S bond lengths of all TMPc structures after
adsorption of Li,S molecules have varying degrees of elonga-
tion, and the longer Li;;,-S bond corresponds to a stronger
binding energy. Taking the ZrPc-Li,S and PdPc-Li,S systems as
examples, the Li;/,-S bond lengths of the Li,S molecules before
and after adsorption are both 2.09 A, while the Li,-S bond
length in the two systems increased to 2.39 A and 2.18 A,
respectively. Furthermore, the bond length of Li,-S increased to
2.41 A and 2.19 A, and the corresponding binding energies are
5.18 eV and 0.86 eV. In short, in all the considered TMPc
structures tuned by the 4d transition metal ions, ZrPc and NbPc
have excellent anchoring properties for Sg/LiPSs, which shows

© 2022 The Author(s). Published by the Royal Society of Chemistry

that the two structures can effectively suppress the shuttle effect
in Li-S batteries.

3.3 Electronic structure analysis of TM (Zr, Nb, Ru, Pd)Pc
anchoring Sg/LiPSs

In order to further understand the potential binding mecha-
nism between Sg/LiPSs and TMPc substrates, taking ZrPc, NbPc,
RuPc and PdPc systems as examples, we studied the charge
density difference before and after adsorption. As shown in
Fig. 3, the electron accumulation is displayed in the yellow area,
while the electron consumption is displayed in the cyan area,
respectively. The charge density difference diagrams clearly
exhibit the differentiation in charge transfer between each
structure. It is worth northing that the charge transfer between
PdPc and Sg/LiPSs is significantly less than that between Zr(Nb,
Ru)Pc and Sg/LiPSs, which is highly consistent with the results
of binding energy. Through comparative analysis, the charge
transfer of ZrPc-Li,S, NbPc-Li,S and RuPc-Li,S systems mainly
occurs in the TM(Zr, Nb, Ru)-S bonds and Li-N bonds.
However, for the PdPc-Li,S system, the charge mainly accu-
mulates between Li atom and PdPc substrate rather than the
Pd/S atoms (Fig. 3d). So far, the above results show that Zr-S,
Nb-S and Ru-S bonds are much stronger than the Pd-S bond.

RSC Adv, 2022, 12,13975-13984 | 13979
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In addition, the binding energy of PdPc-Li,S is similar to that of
H,Pc-Li,S (Fig. 2a), indicating that the interaction of lithium
atoms and nitrogen atoms is not sufficient to anchor Sg/LiPSs
clusters. In general, a strong TM-S bond is essential to alleviate
the shuttle effect of LiPSs.

To reveal the mechanisms of TMPc substrates anchoring Sg/
LiPSs, we calculated the projected density of states (PDOS) of
different TM(Zr, Nb, Ru and Pd)Pc before and after the
adsorption of Li,S and the corresponding energy of the d-band
center (eq), which are presented in Fig. 4. Focusing on the TM-S
and Li;-N (Fig. 2b) bonds, the PDOS of the 4d orbitals of Zr, Nb,
Ru and Pd (Zr_d, Nb_d, Ru_d and Pd_d) before adsorption and
the 2p orbitals of N-atom (N_p) in the Zr(Nb, Ru, Pd)Pc struc-
tures are drawn. As shown at the bottom of the PDOS diagrams
in Fig. 4a, ZrPc, NbPc and RuPc show a large overlap between
the d orbital and p orbital in a wide energy range, which means
a stronger bonding between Zr(Nb, Ru) and N atoms. The
middle part in Fig. 4a show that the adsorption of Li,S induces
a strong hybridization of the 2p orbital (S_p) and the d orbital of
Zr/Nb, revealing a stronger interaction between Zr-S and Nb-S.
Meanwhile, the PDOSs of S_p and Zr/Nb_d split into two parts,
that is the bonding state and the anti-bonding state, and are
distributed on both sides of the Fermi level. Compared with
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The yellow area and cyan area in the figure indicate charge accumulation and depletion, respectively.
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PdPc and Li,S alone, the PDOS changes of Pd_d and S_p in
PdPc-Li,S system are very small, indicating a much weaker
interaction between Pd and S atom. The analysis from the PDOS
plots reveals that interactions between the TM_d and S_p
orbitals engender the strong TM-S interactions, such as the Zr-
S and Nb-S bonds. In addition, the energy of the d-band center
can be approximately employed to describe the adsorption
energy of the adsorbate. And the closer the value of the d-band
center is to the Fermi level, the stronger the adsorption effect on
Sg/LiPSs.*” Therefore, we calculated the energy of the d-band
center in the ZrPc-Li,S, NbPc-Li,S, RuPc-Li,S, and PdPc-Li,S
systems. As shown by the purple solid line in Fig. 4, the corre-
sponding energy values of the d-band center (¢4) are 0.33 eV
(zr_d), —0.61 eV (Nb_d), —1.22 eV (Ru_d) and —3.51 eV (Pd_d),
respectively. Obviously, the energy of the d-band center of the
ZrPc-Li,S and NbPc-Li,S systems is relatively closer to the
Fermi level, indicating that the effect of Zr/NbPc anchoring
LiPSs is indeed much stronger than other TMPc structures.
The COHP analysis is applied to explain the change of TM-S
bonding strength. Hence COHP analysis of the TM-S bonds for
ZrPc-Li,S, NbPc-Li,S, RuPc-Li,S and PdPc-Li,S systems are
calculated and plotted in Fig. 4b. The Zr/Nb-S bonds have more
electronic states near the Fermi level than the Ru/Pd-S bonds,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) The partial density of states (PDOSs) plots and d-band central energies (eq) for ZrPc—Li,S, NbPc-Li,S, RuPc—Li,S and PdPc-Li,S binding

systems, where vertical dashed and solid lines represent the Fermi level and the energy of the d-band center, respectively. (b) The projected
crystal Hamilton population (pCOHP) and corresponding integrated value (ICOHP) of Zr—S bond in ZrPc—Li,S, Nb—S bond in NbPc-Li,S, Ru-S

bond in RuPc-Li,S and Pd-S bond in PdPc—-Li,S.
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as shown in Fig. 4b. The above findings indicate that the Zr/Nb-
S bonds in Zr/NbPc-Li,S systems have a much stronger inter-
action than the Ru/Pd-S bonds of Ru/PdPc-Li,S systems. In
order to obtain a quantitative and in-depth understanding of
the interaction between TM-S bonds, the integral value of
COHP (ICOHP) is further calculated. A more negative value of
the ICOHP indicates that the stronger interaction of the TM-S
bonds. The ICOHP results of different TM-S bonds in the four
systems are —1.97 (Zr-S), —2.02 (Nb-S), —1.26 (Ru-S) and —0.01
(Pd-S), which is in good agreement with the trend of their
binding energies. Among them, the ICOHP values of Zr/Nb-S
are very close, which further verifies the conclusion that both
ZrPc and NbPc all have excellent anchoring effect on Sg/LiPSs.

3.4 Catalytic performance analysis

Through the previous analysis of H,Pc/TMPc structures
anchoring Sg/LiPSs, it can be found that ZrPc and NbPc can well
inhibit the shuttle effect, and are promising candidates for
SRRs electrocatalysts. In addition, the rapid conversion of LiPSs
during charging and discharging of lithium-sulfur batteries is
also an important factor affecting its overall performance. The
discharge process is mainly the conversion of soluble Li,S,,
Li,Se and Li,Sg to insoluble or insulating Li,S/Li,S,, making it
difficult for the reaction to proceed quickly and sustainably. The
charging process is a reversible reaction of the discharging
process and the first reaction is the dissociation of Li,S (Li,S —
LiS + Li* + e7), which is the key step to produce Li-S batteries
with high capacity and high rate. In view of this, the free energy
diagram in the discharge reaction process (Sg* — Li,S*) and the

View Article Online
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dissociation energy barrier of Li,S* in the charging reaction
process are further simulated and analyzed for estimating
catalytic performance of TMPcs.

The entire charge and discharge reaction process involve the
transfer of 16 electrons. The SRRs from Sg* to Li,S* are divided
into six basic reactions (eqn (3)—(8)). In the discharge process,
Sg* is first converted to Li,Sg*, and then gradually reduced to
Li,Se™*, LiS4*, Li,S,* and Li,S*.*® Fig. 5a presents the free energy
diagrams of ZrPc, NbPc, RuPc, PdPc and H,Pc during SRRs.
Obviously, the conversion from Sg* to Li,Sg* has the most
negative AG, demonstrating that this reaction is the easiest to
occur. Only the last step (Li,S,* is reduced to Li,S*) has the
most positive Gibbs free energy (AG), indicating that the rate-
determining step of the entire SRRs process is the last step.
Among them, the AGs of ZrPc, NbPc, RuPc, PdPc and H,Pc for
the rate-determining step are 3.19 eV, 2.94 eV, 3.32 eV, 3.83 eV
and 3.86 eV, respectively. Our simulations indicate that ZrPc
and NbPc have a smaller rate-limiting step AG, which are
excellent to promote the kinetics of SRRs.

In addition, Fig. 5b exhibits the results of Li,S dissociated on
the surface of ZrPc and NbPc. The ZrPc/NbPc-Li,S systems have
a close (0.71 eV and 0.57 eV) and low Li,S decomposition barrier
(initial, transient and final state are plotted in the insets of
Fig. 5b). On the contrary, the PdPc/H,Pc-Li,S systems cannot
obtain the stable configuration after the dissociation of Li,S*
(as exhibited in Fig. S3). The LiS and Li radicals in the disso-
ciated state are fully optimized and then recombined to form
Li,S, indicating that they have almost no catalytic activity for the
decomposition of Li,S. It is worth mentioning that the

a
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(a) Relative free energy profiles for the discharging process from Sg to Li,S on the ZrPc, NbPc, RuPc, PdPc and H,Pc surfaces. (b) The

decomposition free energy barriers of the Li,S on ZrPc and NbPc surfaces, and the corresponding initial, transition, and final structures are shown

in the illustration.
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Fig. 6 (a) and (b) are the results of AIMD simulations of ZrPc and NbPc structures, respectively.

dissociation performance of the base material for Li,S has
a certain correlation with the strength of anchoring Li,S*. This
is due to the fact that the Li-S bonds in the H,Pc/TMPc-Li,S
system are elongated and weakened to different degrees. The
ZrPc/NbPc-Li,S systems have a strong Zr/Nb-S bonds and
hence possess a lower Li,S* dissociation energy barrier attrib-
uted to the strong interaction of the Zr/Nb-S bonds weakening
the Li;»—S bonds (according to Table S2,7 the bond lengths of
Li-S in pristine Li,S, ZrPc-Li,S, NbPc-Li,S, PdPc-Li,S and
H,Pc-Li,S are ~2.09 A, ~2.41 A, ~2.37 A, ~2.19 A, ~2.19 A,
respectively), so as to better promote the dissociation of Li,S.
Consequently, ZrPc and NbPc also exhibit excellent catalytic
performance during the charging reaction.

For practical usage of TMPc catalysts, the thermodynamic
stability of ZrPc and NbPc are evaluated using AIMD simula-
tions at 400 K for 4 ps with 1 fs interval. The results of final
structures and the total energy change are shown in Fig. 6. The
AIMD simulation results of the remaining TMPc (TM = Y, Mo,
Tc, Ru, Rh, Pd, Ag, Cd) structures are given in Fig. S4.T Most of
TMPc structures are thermodynamically stable, which is basi-
cally consistent with the results of their formation energy. For
ZrPc and NbPc, our results show that the total energy oscillate
within a small range, and the geometric morphology are also
preserved well without significant distortion and bond
breaking, guaranteeing their relatively high stability. Based on
this, it is of great interest that ZrPc and NbPc can serve as sulfur
host materials in LiPSs with high experimental feasibility under
different reaction environments.

4. Conclusions

In this work, density functional theory (DFT) calculations were
used to explore the anchoring and catalytic performance of
H,Pc and TMPc-based electrocatalysts for adsorbing Sg/LiPSs
clusters. The results ensure higher adsorption ability of TMPc
(especially ZrPc and NbPc) for anchoring the Sg/LiPSs clusters
than H,Pc, as well as two bonding patterns (TM-S and Li-N
bonding). Moreover, TM-S bonds are more vital to anchor LiPSs
than Li-N bonds, due to the strong interaction between the 4d
orbital of TM and the 2p orbital of S. The small decomposition

© 2022 The Author(s). Published by the Royal Society of Chemistry

barriers and low rate-limiting step AG indicate that ZrPc and
NbPc have excellent anchoring properties for Sg/LiPSs and can
better inhibit the “shuttle effect” when used as the sulfur hosts
in Li-S batteries. The AIMD simulation results also further
predict the experimental feasibility of the TMPc substrate
materials. Our research gave atomic insights for explaining the
interaction between H,Pc/TMPc substrates and Sg/LiPSs mole-
cules, and provided a feasible strategy for the rational design of
better sulfur cathode hosts.
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