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Three-dimensional ordered mesopores biphasic iron phosphide (Fe,P) nanoparticles embedded into nitrogen-doped graphitic carbon (NGC) framework
microspheres

(P-Fe,P@NGC) were synthesized by spray pyrolysis method followed by phosphidation. The ordered arrays of
mesopores (¢ = 40 nm) were generated via the thermal breakdown of the polystyrene nanobeads (¢ = 100 nm).
The porous structure not only reduces the effective diffusion length for the charged species but also guarantees
efficient electrode wetting along with the accommodation of undesired volume perturbations. The highly
conductive NGC framework provides numerous conductive paths for rapid electron transfer, which facilitates
kinetically favored redox reactions. Additionally, the polar biphasic Fe,P nanoparticles allow chemical
confinement and catalytic conversion of trapped polysulfides, thus enhancing active material utilization.
Correspondingly, the assembled Li-S cells featuring the P-Fe,P@NGC-coated separator exhibit good rate per-
formance (350 mA h g ™! at 2.0C) and extended cycling stability at 0.1, 0.5, and 1.0C mainly due to high diffusion
of charged species (diffusion coefficient (D;;) = 1077 em? s™!) and low charge transfer resistance. Even at high
sulfur loading (3.46 mg cm™2) and a low electrolyte/sulfur ratio of 5.6 uL. mg~?, the Li—S cells exhibit stable

N-doped graphitic carbon
Polar material
Multifunctional interlayer
Li-S batteries

cycling performance.

1. Introduction

The Lithium-sulfur (Li-S) battery technology have engrossed sig-
nificant attention worldwide in the last two and half decades mainly due
to high discharge capacity (1675 mA h g~1), which is almost an order of
magnitude higher than that of the Li-ion batteries (LIBs) using conven-
tional cathodes (LiCoO2 and LiFePO4) [1-6]. Additionally, high volu-
metric (2800 Wh L™?) and gravimetric (2500 Wh kg™1) energy densities,
cost-effectiveness owing to S abundance, and low toxicity make Li-S
batteries a viable alternative to LIBs [6-10]. However, Li-S batteries
encounter various intrinsic problems, such as the low electrical con-
ductivity of elemental S (~107%9 S cm™! at ambient conditions), well-
known parasitic “shuttle-effect” of highly soluble high-order lithium
polysulfide (LiPS) species, i.e., LisSy; x = 4, 6, and 8, considerable
volume changes during electrochemical redox reactions (~80 %), and
poor Li anode stability [11-20]. The low conductivity leads to slow re-
action kinetics and charge transfer, whereas large volume changes cause
pulverization of the electrode material during repeated cycling [7].
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Similarly, uncontrolled LiPS diffusion results in continuous charging
processes that can cause short-circuiting of the cell. In addition, the
constant loss of active electrode material due to polysulfide migration is
responsible for the overall inferior electrochemical performance of Li-S
cells in terms of poor reaction kinetics, low Coulombic efficiency, rapid
capacity fading, poor rate capability, unstable cycling performance, and
corrosion of Li-metal anodes [21]. These drawbacks hinder the feasi-
bility of Li-S batteries.

To surmount these shortcomings, tremendous progress has been
made, including the physical confinement of elemental S inside the
highly conductive and porous carbon matrices [22-24], chemical
confinement of LiPS species using various polar materials [25-27],
electrolyte additives [28-30], and protection of the Li anode [31-33]. In
this regard, the use of additional interlayer components (free-standing
or separator-coated) inside the cell is another strategy that has gained
considerable importance because of its ease of application. The inter-
layer not only acts as a second current collector but also plays a multi-
functional role that includes polysulfide confinement, absorbing
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unwanted volume variations, and allowing rapid charge diffusion pro-
cesses. Therefore, to satisfy the above requirements, the interlayer ma-
terial should be porous enough to accommodate the volume fluctuations
along with efficient electrolyte penetration and must have a polar ma-
terial that provides enough active chemisorption sites for polysulfide
anchoring.

With respect to porosity, different types of porous nanostructured
materials that require multistep synthesis and complicated template
removal (hard and soft) procedures have been explored for Li-S batteries
[34-41]. For instance, Kim et al. reported the fabrication of a bimodal
carbon foam with a discharge capacity of 420 mA h g~! at 2.0C-rate
using a multistep synthesis approach [42]. Similarly, Javed et al.
adopted a template method to synthesize N and S co-doped microporous
2D carbon nanosheets with a discharge capacity of 730 mA h g~! after
150 continuous cycles [43]. However, the facile synthesis and applica-
bility of three-dimensionally ordered mesoporous (3-DOM) micro-
spheres embedded in a highly conductive nitrogen-doped graphitic
carbon (NGC) framework have not been presented till date for Li-S
batteries. The presence of polar material is another much-sought
parameter for an ideal interlayer material. Previous studies explored
various metal-based polar materials for chemisorption of polysulfide
molecules, including metals [44], metal nitrides [11,45,46], metal ox-
ides [8,47-49], metal sulfides [50-52], metal selenides [53-55], and
others [56-58]. Transition metal phosphides are of particular interest
because of their higher electrical conductivity than metal oxides or
sulfides [59,60]. Additionally, their high thermal stability and low
charge-discharge voltages make them ideal candidates for use in Li-S
batteries [61].

Based on the above discussion, we investigate the morphological and
electrochemical performance of highly porous three-dimensional (3D)
microspheres with ordered arrays of mesopores and biphasic iron
phosphide nanoparticles (Fe,P) well-embedded inside highly conductive
NGC skeleton (hereafter referred to as “P-Fe,P@NGC”) as a multifunc-
tional interlayer in Li-S batteries. The 3D nanostructure was obtained
using a scalable spray pyrolysis technique, whereas ordered mesopores
were formed by the thermal decomposition of size-controlled poly-
styrene (PS) nanobeads. The porous structure guarantees an efficient
electrolyte penetration and diminishes unsought volume fluctuations
during electrochemical testing. The highly conductive NGC framework
not only boosts the overall electronic conductivity of nanostructure but
also provides enormous conductive pathways for fast charge transfer to
allow rapid redox kinetics. Moreover, the biphasic Fe,P nanoparticles
act as chemisorption sites for efficient anchoring and electrocatalytic
transformation of polysulfide molecules. Correspondingly, the as-
prepared P-Fe,P@NGC microspheres were applied as a functional
coating on a polypropylene separator and used as an interlayer on the
cathode side. Employing the proposed P-Fe,P@NGC multifunctional
interlayer, we showed that Li-S cells display improved electrochemical
properties in terms of rate capability, cycling stability, and Li-ion
diffusion. Overall, we believe that the detailed analysis of physical
and electrochemical properties presented here will provide remarkable
insights into the development of highly conductive and porous nano-
structures as multifunctional interlayers for rechargeable battery
applications.

2. Preparation of P-Fe,P@NGC microspheres

The 3D ordered mesoporous P-Fe,P@NGC microspheres were syn-
thesized using a facile and scalable spray pyrolysis method, followed by
phosphidation. Briefly, 24.6 g of Fe(NO3)3-9H>0 (KANTO CHEMICAL
Co. Inc., 98.5 %, molecular weight (M;,) = 404) and 4.0 g of poly-
vinylpyrrolidone (PVP) (DAEJUNG, M, = 40000) were dissolved in 200
mL of deionized (DI) water followed by the addition of a colloidal sus-
pension of PS nanobeads (¢ = 100 nm, V = 200 mL) and stirred vigor-
ously overnight under ambient conditions. The PS nanobeads act as
pore-generating agents and were synthesized using a polymerization
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technique reported before [62]. The final spray solution was then moved
to an ultrasonic atomizer unit attached to a vertically placed preheated
quartz tube. The droplets formed by the ultrasonic nebulizer were
passed through the quartz tube heated to 700 °C in an Ny atmosphere at
a flow rate of 10 L min ™. The as-sprayed powders were exposed to two-
step heat treatment at a heating rate of 5 °C min~!. During the first
heating step, the as-sprayed powders were heated at 600 °C for 3hina
reductive atmosphere (5 % Hs/Ar). Subsequently, during phosphida-
tion, the reduced powders were exposed to the PH3 gas at 600 °C for 3 h
in an identical environment. For this, HyNaOyP (Sigma-Aldrich, 98 %,
M,, = 87.98) was used as a phosphorus precursor to produce PH3 gas,
and the mass ratio of HoNaO5P to the active material was set at 1:5. The
obtained final powder was denoted as P-Fe,P@NGC. A control sample
without Fe,P phase (denoted as “P-NGC” microspheres) was also ob-
tained from the above-mentioned reduced powder via an etching process
using hydrochloric acid. The material characterization, cell fabrication,
and polysulfide adsorption test details are provided in the supporting
file.

3. Results and discussion
3.1. Characterization of the synthesized powders

The detailed synthesis procedure of three-dimensional ordered
mesoporous microspheres comprising biphasic iron phosphide nano-
particles grafted in N-doped graphitic carbon matrix (P-Fe,P@NGC) via
a highly feasible spray pyrolysis method, followed by successive heat
treatments, is presented in Scheme 1. The spherical droplets produced
by the atomizer consisted of a homogeneous aqueous dispersion of Fe
salt, PVP, and PS nanobeads (¢ = 100 nm), as shown in Scheme la-®.
Subsequently, the droplets were allowed to pass through a vertically
aligned quartz reactor preheated to 700 °C using N as the carrier gas.
This step resulted in the formation of iron oxide from the iron nitrate
precursor and thermal decomposition of PS nanobeads, thus generating
uniformly distributed mesopores throughout the microspheres. In
addition, PVP was transformed into amorphous carbonaceous species,
which restricted the agglomeration and grain growth of iron oxide
nanoparticles. This resulted in the synthesis of 3-DOM nanostructures
comprising uniformly distributed Fe,O3 nanoparticles inside a carbon
matrix (C-matrix), as shown in Scheme la-®@. Notably, the direct
phosphidation of the as-sprayed powders was hindered by the presence
of a thick layer of the C-matrix surrounding the Fe;Os nanocrystals,
which did not allow the penetration of the phosphine gas (Scheme 1b-
®). This issue was overcome by an additional heat treatment step at
600 °C in a reductive atmosphere (5 % Hy/Ar), which not only caused
the phase change of Fe;O3 nanoparticles to metallic Fe nanocrystals but
also allowed efficient conversion of the thick C layers to a more uniform
and thin NGC layer due to the catalytic effect of the metallic Fe (Scheme
la-®). This reduction step is believed to introduce defects that allow
facile diffusion and interaction of the PHs gas with the metallic Fe
nanocrystals during the subsequent phosphidation (Scheme 1b-®@).
During the final heat treatment process for phosphidation at 600 °C, the
metallic-Fe nanocrystals converted to the biphasic Fe,P nanoparticles
well-embedded inside the NGC matrix. Correspondingly, a three-
dimensional ordered mesoporous nanostructure comprising Fe,P nano-
particles in the NGC-matrix (abbreviated as “P-Fe,P@NGC” micro-
spheres) was successfully synthesized (Scheme 1a-®). Similarly, 3-DOM
microspheres without Fe,P nanoparticles (P-NGC microspheres) were
also synthesized via acid etching (metallic Fe etching) of the reduced
powder (Scheme 1a-®).

The formation mechanism of the P-Fe,P@NGC microspheres was
investigated by systematic microstructural characterizations of the
powders obtained after each synthesis step. The results of the morpho-
logical and phase analyses of the 3-DOM microspheres obtained after
spray pyrolysis are presented in Fig. 1. FE-SEM micrographs in Fig. 1a
suggest the formation of spherical non-aggregated microspheres with an
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Scheme 1. (a) Schematic representation (Scheme la-®-®) of the formation mechanism of 3-DOM Fe,P@NGC microspheres (P-Fe,P@NGC) using spray pyrolysis
technique and (b) conversion mechanism of Fe,Os to Fe,P via an intermediate reduction step followed by phosphidation process.

average diameter of 1.0 pm. Additionally, the high-magnification FE-
SEM image in Fig. 1b indicates the presence of evenly distributed or-
dered arrays of mesopores on the microsphere surface. The high-
magnification FE-SEM micrograph in Fig. 1c exhibits mesopores with
a mean diameter of ~ 45 nm, formed owing to the thermal breakdown of
the PS nanobeads during the spray pyrolysis. Notably, the pore diameter
decreases from 100 nm to 45 nm primarily due to the shrinkage of the
microspheres during the spray pyrolysis process. The XRD profile of as-
sprayed powder in Fig. 1d show sharp and narrow peaks that were
ascribed to crystalline Fe;Os.

The as-sprayed 3-DOM powders were subjected to additional heating
in a reducing atmosphere (5 % Hy/Ar) before phosphidation. As dis-
cussed above, this additional heating step immediately after spraying
was needed because of the ineffective phosphidation of as-sprayed
powders due to the presence of a thick amorphous carbon matrix sur-
rounding the Fe;O3 nanocrystals. To verify this hypothesis, XRD mea-
surements were performed for the as-sprayed powders that were heated
at 600 °C under a reductive atmosphere in the presence of a phospho-
rous salt (HaNaOyP). The corresponding XRD profile in Fig. S1 shows
distinct diffraction peaks that were designated to the metallic Fe only.
Accordingly, an intermediate heating step in a reduction atmosphere

was applied and the morphological and crystal structure results are
presented in Fig. S2. FE-SEM analysis (Fig. S2a) reveals that the original
morphology of the microspheres with a mean diameter of 0.9 um and
ordered arrays of mesopores that were evenly distributed over the sur-
face of the microspheres remained intact (Fig. S2a and 2b). Besides, it
was observed that the size of mesopores shrinks a bit (~38 nm)
compared to 45 nm for as-sprayed powder. This is due to the removal of
the amorphous carbon matrix that alleviates the crystallization and
grain growth of Fe-nanocrystals during the phase conversion process, as
evident from the high-magnified FE-SEM micrograph in Fig. S2c. The
clear presence of Fe-nanocrystals is highly apparent compared to the
FeoO3 nanocrystals in Fig. 1c. The XRD pattern, shown in Fig. S2d, also
confirms the formation of a metallic Fe phase during the reduction
process. Therefore, the reduction step ensures the formation of 3-DOM
microspheres comprising metallic Fe nanocrystals embedded in the
NGC matrix.

The 3-DOM reduced powders obtained above were further utilized
for a phosphidation process under a reductive atmosphere (5 % Hy/Ar).
The process was performed at 600 °C for 3 h whereas HoNaOP salt was
used as a phosphorus precursor. The microstructural and phase char-
acteristics of P-Fe,P@NGC microspheres obtained after phosphidation
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Fig. 1. Physical characterizations of the as-sprayed microspheres obtained after spray pyrolysis at 700 °C: (a,b) low-magnification FE-SEM images, (c) high

magnification FE-SEM image, and (d) XRD pattern.

are presented in Fig. 2. FE-SEM micrograph in Fig. 2a shows micro-
sphere morphology (mean diameter = 0.8 um). Besides, no agglomera-
tion or structural deformation, such as fracturing or rupturing, was
observed, suggesting high structural integrity of the microspheres. The
FE-SEM image at high magnification in Fig. 2b implies that ordered
arrays of mesopores are still present in the microspheres. Moreover, the
crystallization and grain growth of the metallic-Fe nanocrystals resulted
in the formation of biphasic Fe,P (containing FeP and FeyP) nano-
particles, as evident from the high-magnified FE-SEM image in Fig. 2c.
The TEM images shown in Fig. 2d and e are consistent with the FE-SEM
results, confirming the formation of well dispersed microspheres
(average diameter = 0.8 um). The amplified TEM image in Fig. 2f reveals
that the Fe,P nanoparticles (black region) were incorporated into the
NGC framework (gray region). The NGC skeleton was formed from the
amorphous carbon matrix during the intermediate reduction process
under a reducing atmosphere owing to the catalytic effect of the
metallic-Fe nanocrystals. Further, to validate this, a Raman spectrum
was obtained for the P-Fe,P@NGC microspheres, as shown in Fig. S3a.
The intensity ratio of D- and G-bands (i.e., Ip/Ig) generally determines
the crystallinity of carbonaceous materials [63]. The Ip/Ig ratio for the
P-Fe,P@NGC microspheres was ~ 0.92, indicating that the powders
primarily consisted of graphitic carbon. The NGC framework enhances
the overall electrical conductivity of the nanostructure, resulting in fast
electron transfer through numerous conductive pathways. The increase
in conductivity is ascribed to the large electronegative character of the N

atom than that of C atom [64-66]. The HR-TEM image in Fig. 2g con-
firms that NGC layer with a thickness of ~ 3 nm enveloped the Fe,P
nanoparticles. In addition, lattice fringes show d-spacing values of 0.25
and 0.24 nm, that attributed to the (200) and (111) planes of FeoP and
FeP, respectively. The selected area electron diffraction (SAED) and XRD
patterns presented in Fig. 2h and i, respectively, are synchronized with
the HR-TEM results confirming the presence of the Fe,P and FeP phases.
Notably, the XRD peaks attributed to the Fe,P phase were more intense
than those of the FeP phase. This observation was further confirmed by
structural Rietveld refinement technique, which quantifies the propor-
tion of FeyP phase as 94.3 % followed by FeP (3.9 %), and graphitic
carbon (1.8 %). The goodness of the fitting factor i.e. ¥? is around 7.02 %
which demonstrates that the results are reliable (Fig. S4). The elemental
mapping images in Fig. 2j exhibit uniform dispersion of Fe, P, C, and N
throughout the P-Fe,P@NGC microspheres, suggesting the synthesis of a
phase-pure material. Overall, the crystal structure and morphological
analysis results suggest the successful synthesis of 3-DOM microspheres
that comprise biphasic iron phosphide nanoparticles well-embedded in
the NGC matrix.

The surface bonding state of different elements in the P-Fe,P@NGC
microspheres was also evaluated using XPS. The survey spectrum in
Fig. S5 shows the presence of Fe 2p,01s,N1s,C1s,P1s,and P 2p
photoelectron peaks. The Fe 2p core-level XPS spectrum in Fig. 3a ex-
hibits well-fitted peaks attributed to the Fe 2p3,2 (710.6 eV) and Fe 2p; /2
(724.7 eV) electronic levels, which matches well with previously
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Fig. 2. Characterizations of the P-Fe,P@NGC microspheres obtained after the phosphidation process: (a,b) FE-SEM images, (c) high magnification FE-SEM image, (d-
f) TEM images, (g) HR-TEM image, (h) SAED pattern, (i) XRD pattern, and (j) elemental mapping images.

reported values [67,68]. In addition, the Fe 2p spectrum confirms the
coexistence of Fe>™ and Fe>* oxidation states along with the satellite
peak [69]. Moreover, it should be noted that the deconvoluted profile of
Fe3" component of Fe 2p; 5 core level exhibits two fitted peaks. The
peak centered at 724.7 eV represents the signature peak of Fe 2p; /5 core

level whereas the deconvoluted peak centered at 723.3 eV is surface
peak related to the oxidation of Fe,P nanoparticles and matches well
with the previous report [70]. The deconvoluted P 2p core-level XPS
spectrum in Fig. 3b shows one predominant peak at 133.4 eV that cor-
responds to the partial surface oxidation of Fe,P nanoparticles
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Fig. 3. (a) deconvoluted Fe 2p XPS spectrum, (b) deconvoluted P 2p XPS spectrum, (c) deconvoluted C 1 s XPS spectrum, (d) deconvoluted N 1 s XPS spectrum, (e) N,

adsorption—desorption isotherm, and (f) BJH pore size distribution curve.

(P—O—Fe) when exposed to air [61,71]. The second predominant peak
was deconvoluted using two closely spaced peaks, which were ascribed
to the P 2p3/2 (129.1 eV) and P 2p;,2 (129.9 eV) orbitals [72]. The
deconvoluted C 1 s XPS spectrum in Fig. 3c shows four well-fitted peaks
centered at 284.6, 285.5, 287.0, and 288.8 eV related to the —C—=C—,
—C—N/C—C—, —C—0—, and —C—0— bonds, respectively [73]. The
intense —C—C— peak strongly implied the presence of a carbon skel-
eton in the prepared nanostructure. Moreover, the existence of —C—N/
C—C— confirms the presence of N-doped carbon, which is favorable for
enhancing the overall electronic conductivity of nanostructure owing to
the higher electronegative nature of the N than that of the C [64]. A well
resolved N 1 s XPS spectrum was obtained (Fig. 3d), which confirms the
existence of three well-fitted peaks at the binding energies of 398.2,

400.6, and 402.6 eV that are assigned to the pyridinic N, pyrrolic N, and
graphitic N species, respectively [74]. The N content was further esti-
mated to be 2.8 wt% using elemental analysis (Table S1) and was mainly
induced by the N-rich organic groups present in the carbon precursor i.
e., PVP. In addition, the estimated carbon content of ~ 11 wt% is
consistent with the C 1 s XPS results displayed in Fig. 3c. These results
verify the presence of the NGC framework in the prepared microspheres.
Furthermore, the surface area of the P-Fe,P@NGC microspheres was
evaluated using adsorption-desorption curves by employing Ny as an
adsorbate gas (Fig. 3e). A high surface area of 116 m?/g was attained
mainly due to the existence of ordered arrays of the mesopores present
all over the microsphere surface. The corresponding pore size distribu-
tion showing ordered mesopores (2-50 nm) with a peak maximum at ~
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32 nm (Fig. 3f). Additionally, the sharp peak at 3.8 nm was attributed to
the tensile effect of N desorption [74]. The mesopores not only facilitate
the efficient electrolyte percolation but also ensures sufficient space to
accommodate the undesired volume perturbations during the redox
processes.

To evaluate the structural advantages of the P-Fe,P@NGC micro-
spheres, a control sample (P-NGC) was prepared using the reduced
powder after the intermediate heating step. The reduced powder was
soaked in an acidic medium (HCI) for 3 days to remove metallic Fe and
washed thoroughly with distilled water. Morphological and phase ana-
lyses of the control P-NGC samples are presented in Fig. 4. FE-SEM

__—=(100)

_—=1(002)

Applied Surface Science 612 (2023) 155892

micrograph in Fig. 4a indicates that the spherical morphology was
maintained even after prolonged acid etching. The FE-SEM images at
high magnification (Fig. 4b and c) show the absence of Fe nanocrystals
on the surface of the microspheres (compared with Fig. S2¢), suggesting
that the acid treatment successfully etched the metallic Fe. In addition, a
highly ordered array of mesopores with an average diameter of 40 nm
was also present, indicating that the porous structure of the micro-
spheres was maintained. The TEM images shown in Fig. 4d also confirm
the FE-SEM results with the presence of spherical-shaped microspheres
(average diameter = 0.9 pm). The high magnification TEM image in
Fig. 4e and f indicates the presence of uniformly present mesopores

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degrees)

Fig. 4. Characterizations of the P-NGC microspheres obtained after the acid-etching process of reduced powder: (a,b) FE-SEM images, (c) high magnification FE-SEM
image, (d-f) TEM images, (g) HR-TEM image, (h) SAED pattern, (i) XRD pattern, and (j) elemental mapping images.
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(bright spots) within the carbon skeleton (grey region). Besides, no
metallic Fe-nanocrystals were observed in the carbon framework. The
corresponding HR-TEM image in Fig. 4g and SAED pattern in Fig. 4h also
suggest the presence of the NGC framework only as highlighted by the d-
spacing of 0.36 nm that corresponds to the (002) diffraction plane of
graphitic carbon. Moreover, the XRD profile in Fig. 4i shows broad
diffraction peaks at 260 = 24.3° and 43.7°, which corresponds to the
(002) and (100) diffraction planes of graphitic carbon, respectively. In
addition, no diffraction peaks related to metallic Fe were observed,
implying its complete removal. The elemental mapping results in Fig. 4j
also confirm the presence of C and N only, indicating the formation of an
N-doped carbonaceous framework without metallic Fe. Furthermore,
the nitrogen content of 1.5 wt% in the P-NGC microspheres was quan-
tified using elemental analysis (Table S1), confirming the successful N-
doping of the carbonaceous framework. The Raman spectrum of the P-
NGC microspheres (Fig. S3b) shows an Ip/IG ratio of ~ 0.93, suggesting
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the presence of graphitic carbon. Furthermore, the high surface area of
1142 m?2/g for P-NGC microspheres (Fig. S6a) firmly indicates that the
metallic Fe nanocrystals were successfully removed from the micro-
spheres, which is well synchronized with the results presented in Fig. 4e
and f. The BJH pore size distribution (Fig. S6b) further reveals the ex-
istence of mesopores (average diameter of 40 nm). Overall, the above
results confirm the effective removal of the metallic Fe using the acid
treatment and the formation of highly porous NGC microspheres with an
ordered array of mesopores.

3.2. Electrochemical performance

To validate the structural superiority of P-Fe,P@NGC, its electro-
chemical performance was extensively investigated using the prepared
microsphere powders. The prepared active materials were coated onto a
Celgard separator as a multifunctional interlayer. Fig. S7 compares the
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Fig. 5. Electrochemical performance of the Li-S cells with different separators: (a-c) cyclic voltammograms (CV) curves at 0.05 mV s~ ! for four initial cycles, (d)

initial charge—discharge profiles of the cells at 0.05C, and (e) rate-performance.
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microstructural properties of the coated separator with the pristine
separator. The FE-SEM micrograph of the pristine separator (inset in
Fig. S7a) shows nanosized openings for facile diffusion of Li-ions. In
contrast, the FE-SEM image of the separator coated with P-Fe,P@NGC
microspheres (inset in Fig. S7b) exhibits a homogeneous coating of 3-
DOM microspheres and super-P. The coating thickness was ca. 10 pm
(Fig. S7c¢). The CV curves of Li-S cells recorded with different coated
separator arrangements are presented in Fig. 5. In the first CV scan, the
P-Fe,P@NGC microspheres-coated separator (Fig. 5a) exhibits well-
distinguished and sharp reduction peaks at 2.28 and 1.99 V followed
by closely spaced oxidation peaks at 2.34 and 2.43 V. The peaks at 2.28
and 1.99 V signify the reduction of elemental S to highly soluble high-
order LiPSs (LisSy; 6 < x < 8) to middle-order polysulfides and then to
insoluble low-order polysulfide (Li2S,; x = 1). During oxidation, a
reverse mechanism occurred, i.e., oxidation of low-order polysulfide to
high-order polysulfides (2.34 V) and then to elemental S (2.43 V).
Similar CV curves were obtained for the cells employing the P-NGC
microsphere-coated separator (Fig. 5b) and the pristine separator
(Fig. 5¢). However, among all tested cells, the cell employing the P-
Fe,P@NGC microsphere-coated separator showed the highest current
intensity values, indicating enhanced redox kinetics inside the cell. To
further confirm the CV results, initial voltage profiles were obtained at
0.05C (Fig. 5d). The Li-S cells utilizing the P-Fe,P@NGC and P-NGC
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microsphere-coated separators showed typical charge-discharge voltage
plateaus, suggesting that the redox reactions occur between elemental S
and LisS. In addition, the charge-discharge voltage plateau positions
were in line with those of CV curves. On the other hand, Li-S cell con-
taining a pristine separator exhibited an orthodox voltage profile.
Consequently, the cells employing P-Fe,P@NGC, P-NGC, and pristine
separators achieved discharge capacities of 1322, 1246, and 681 mA h
g1, respectively. The high discharge capacity of Li-S cell featuring the
P-Fe,P@NGC-coated separator is attributed to the long voltage plateau
that is due to the enhanced redox kinetics inside the cell, as indicated by
the CV results. Overall, these kinetically favored redox processes can be
ascribed to the highly porous nanostructure (ordered array of meso-
pores), conductive framework (NGC), and polar material (Fe,P nano-
particles) present in P-Fe,P@NGC microspheres. Moreover, these
structural merits guarantee efficient electrolyte infiltration, fast charge
transfer, and effective catalytic conversion of polysulfides that envisage
enhanced electrochemical performance.

The Li-S cells employing different separators were further analyzed
using rate capability tests in the range of 0.05-2.0C (Fig. 5e). The Li-S
cell featuring the P-Fe,P@NGC microspheres-coated separator achieved
initial discharge capacities of 1322, 1053, 836, 736, 654, 583, 512, and
350 mA h g71 at 0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, and 2.0C-rate,
respectively. In comparison, Li-S cell featuring P-NGC microspheres-
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coated separator exhibited initial discharge capacities of 1247, 1016,
827,731, 616,492, 278, and 54 mA h g_1 at identical current rates. The
similar discharge capacities in both cells, especially at low C-rates, were
owing to the high surface area of P-NGC microspheres. However, due to
the absence of the polar component (Fe,P nanoparticles) in the P-NGC
coating that could chemically anchor sulfur species, polysulfides
diffused toward the Li-anode, that resulted in high active material loss
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and low discharge capacity values at high C-rates. Furthermore, when
the C-rate was switched back to 0.1C, the P-Fe,P@NGC microsphere-
coated separator recovered slightly low discharge capacity compared
to the P-NGC, primarily due to the high surface area of the later. How-
ever, a close examination clearly reveals a higher charge capacity than
the discharge for the cell utilizing P-NGC interlayer, indicating insuffi-
cient LiPSs suppression compared to the P-Fe,P@NGC cell. This implies
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high reversibility of the redox processes with high Coulombic efficiency
for P-Fe,P@NGC-coated separator cell than the P-NGC cell. The high
discharge capacities of the cell employing the P-Fe,P@NGC
microsphere-coated separator, even at high C-rates, indicate an efficient
trapping and electrocatalytic conversion of the trapped polysulfides. In
addition, the highly conductive NGC layer guarantees a rapid electron
transfer during the redox process. This eventually resulted in high active
material utilization (21 % at 2.0C). The charge-discharge voltage pro-
files of P-Fe,P@NGC (Fig. S8a), and P-NGC (Fig. S8b) microsphere-
coated separators at different C-rates firmly confirm this hypothesis.
Furthermore, the cell employing the pristine separator (Fig. 5e)
exhibited low discharge capacity values of 681, 496, 387, 350, 331, 322,
82, and 48 mA h g~ ! at identical current rates, which was mainly owing
to the high proportion of unutilized active substance. Overall, the rate
capability tests proved the synergistic effect of highly porous, conduc-
tive, and polar nanostructures on the improved electrochemical
performance.

The cycling performance of Li-S cells featuring separators with
different coatings were also evaluated at different C-rates of 0.1, 0.5, and
1.0C, as shown in Figs. 6 and S9. Fig. 6a indicates that the Li-S cell
utilizing the separator coated with P-Fe,P@NGC exhibited a discharge
capacity of 1043 mA h g1 (62 % of theoretic value) during first cycle at
0.1C. The capacity decreases monotonically for a few tens of initial cy-
cles, primarily because of the redistribution of sulfur species inside the
cathode and stabilizes thereafter. After 170 cycles, the Li-S cell with the
P-Fe,P@NGC interlayer delivered a discharge capacity of 697 mA h g~*
(67 % capacity retention). In addition, the high Coulombic efficiency of
99.1 % at the end of 170th cycle indicated highly reversible electro-
chemical reactions inside the cell. Similarly, Li-S cells employing the
separator coated with P-NGC exhibited a discharge capacity of 1057 mA
h g1 (63 % of theoretic value) during first cycle. However, the decrease
in capacity was more pronounced during the few initial cycles. After 170
cycles, the Li-S cell with the P-NGC interlayer delivered a discharge
capacity of 611 mA h g~! (57 % capacity retention). In contrast, the
pristine separator exhibited the lowest discharge capacity throughout
the cycling process, mainly because of the absence of a conductive
porous structure and polysulfide anchoring components. Similar cycling
performances were observed for all Li-S cells tested at 0.5C-rate
(Fig. 6b). Before that, the cells were charged-discharged for each
cycle at 0.05, 0.1, 0.2, and 0.3C. Li-S cell with the P-Fe,P@NGC inter-
layer showed a discharge capacity of 789 mA h g~ (47 % of theoretic
value), which decreased monotonically to 423 mA h g~! after 98 cycles,
primarily because of the redistribution of sulfur species in the cathodic
region. Subsequently, the capacity increased to 575 mA h g~ at the end
of the 149th cycle because of the reactivation process of the trapped
sulfur-like species and stabilized afterward. The cell exhibited a
discharge capacity of 505 mA h g~ (64 % capacity retention) after 330
continuous cycles with 0.11 % average capacity loss. The merits of
employing P-Fe,P@NGC interlayer were demonstrated by the extended
cycling stability (Fig. S9a), in which a low-capacity loss of only 0.08 %
per cycle occurred after 700 cycles at 0.5C-rate. In contrast, Li-S cell
with the P-NGC interlayer demonstrated a higher discharge capacity of
891 mA h g~ initially, mainly because of its ultra-high porous structure.
However, the capacity continuously decreased owing to insufficient
trapping and electrocatalytic conversion of polysulfide species, resulting
in a lower discharge capacity of 425 mA h g1 (47 % retention) after 330
cycles with an average capacity decay rate of 0.16 % per cycle. Similarly,
the Li-S cell featuring the pristine separator showed poor cycling per-
formance at low and high C-rates. Overall, the high-capacity retention
and low capacity fading of the cell containing the P-Fe,P@NGC-coated
separator firmly verified the structural robustness and integrity. The
highly porous nanostructure not only accommodates undesired volume
changes but also offers efficient electrolyte infiltration inside the elec-
trode, which allows facile and effective diffusion of charge species.
Additionally, the highly conductive NGC framework offers numerous
conductive paths for rapid electron transfer, thus encouraging
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kinetically favored redox reactions by lowering the charge-transfer
resistance. The cycling stability of the Li-S cell featuring the P-
Fe,P@NGC-coated separator was also measured at a high C-rate of 1.0C,
as shown in Fig. SOb. The cell exhibited an initial discharge capacity of
757 mA h g_1 (7th cycle), which stabilized at 321 mA h g_1 (42 %
retention) after 300 cycles with an average capacity loss of 0.19 %,
indicating high cycling stability. Further, the cycling stability was
determined for Li-S cell featuring the P-Fe,P@NGC-coated separator
with high elemental S loadings and low electrolyte/sulfur (E/S) ratios
(Fig. 6¢). Consequently, initial discharge capacities (2nd cycle) of 494
and 452 mA h g~! were achieved with an active material loading of 2.05
(E/S =9.5uL mg’l) and 3.46 mg em 2 (E/S = 5.6 uL mg’l), respec-
tively. The discharge capacity values after 220 continuous cycles were
316 and 298 mA h g7}, indicating that even under extreme conditions,
the structural advantages guarantee satisfactory electrochemical per-
formance. Overall, the results obtained from the cycling performance
tests confirmed that the novel structural design strategy played a major
role in high active material utilization, sufficient electrode wetting,
facile charge diffusion, faster redox processes, and efficient catalytic
conversion of polysulfide species.

Further, the diffusion coefficient (Dj;) values were obtained to
analyze the diffusion of Li-ions and redox kinetics inside the cells sys-
tematically. For this, CV curves of Li-S cells with P-Fe,P@NGC-coated,
P-NGC-coated, and pristine separators were acquired at various scan
rates varying from 0.05 to 0.5 mV s}, as shown in Fig. 7a, ¢, and e. In
the corresponding plots, the redox peak current was plotted against the
square root of the scan rate to determine Dj;. The CV curves for the Li-S
cell employing P-Fe,P@NGC-, P-NGC-coated, and pristine separators
show two pairs of reduction peaks (R1/R2) that can be ascribed to the
reduction of elemental S to Li,S via high- and intermediate-order poly-
sulfides. During the oxidation process, the cell featuring the P-
Fe,P@NGC interlayer exhibited a two-step oxidation process (01/02)
compared to the P-NGC-coated and pristine separators. Moreover, more
symmetric CV curves with high current intensity values even at high
scan rates of 0.5 mV s~ ! were obtained for the cell with the P-Fe, P@NGC
interlayer, thus indicating enhanced redox reactions with faster Li-ion
diffusion. To further validate this, the Dj; values were determined
using the Randles-Sevick equation [13]:

I, =2.69 x 10° n'> A D3 €1y V03 €h)

where Ip is redox current intensity, n is quantity of electrons partici-
pating in redox reactions, A is surface area of electrode (in cmz), Cyiis
concentration of Li-ions (in mol L’l) whereas v represents scan rate (in V
s’l). The curves of the redox peak current (I,) vs the square root of the
voltage scan rate (v>->) and corresponding Dj; values for all tested Li-S
cells are shown in Fig. 7b, d, and f, and Table S2, respectively. The Li-S
cell featuring the P-Fe,P@NGC-coated separator exhibited an order of
magnitude higher Dfj value (10~ cm? s71) than the Li-S cells utilizing
the P-NGC-coated and pristine separators (10~ cm? s~1). The higher Dy
value firmly authenticates the structural merits of P-Fe,P@NGC micro-
spheres when employed as a multifunctional interlayer. The porous
structure guarantees smooth diffusion of Li-ion which reduces the
effective diffusion length. In addition, a highly conductive NGC frame-
work facilitates rapid electron transfer during redox reactions by
lowering the charge-transfer resistance in the electrode, thus enhancing
the electrochemical performance.

To assess the surface kinetics at the electrode-separator—electrolyte
interface, Nyquist plots were obtained using EIS for all assembled Li-S
cells before (Fig. 7g) and after cycling (Fig. 7h). The impedance of the
cells before cycling was measured at an open-circuit voltage while that
of the cells after cycling was recorded in a fully charged state after 300
cycles at 0.5C-rate. The fitted parameters for all cells are encapsulated in
Table S3. All tested Li-S cells exhibited small and similar solution
resistance values (Ry) of 4-5 Q, which implies a comparable electrolyte/
electrode interface environment inside all cells. In addition, the cell
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employing the separator coated with P-Fe,P@NGC exhibited the lowest
charge-transfer resistance (Ry) of ~ 43 Q than that of the cell employing
the separator coated with P-NGC (72 Q) and the pristine separator (~78
Q), suggesting superior Li-ion diffusion. However, after 300 continuous
redox cycles, the R value for Li-S cells utilizing the P-Fe,P@NGC- and
P-NGC-coated separators decreased significantly to 17.5 and 23.2 Q,
respectively, compared to that of the pristine separator (66.8 Q), thus
implying superior surface kinetics. Besides, the Li-S cell featuring the
pristine separator exhibits two semicircles in the EIS curve after cycling.
The first semicircle in the high frequency is related to the formation of an
insulating layer of the solid Li»Sy/LipS between the separator and
cathode [75]. In contrast, the introduction of P-Fe,P@NGC and P-NGC
microspheres as multifunctional interlayer suppress the LiPS diffusion,
indicated by existence of only one semicicle. These results validate that
the nanostructure advantages of P-Fe,P@NGC offer excellent charge-
transfer characteristics that not only reduce the cell resistance but also
guarantee effective trapping and catalytic conversion of the polysulfide
molecules along with better active material consumption even after
extended cycling.

The catalytic properties of the as-prepared powders toward LiPS
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conversion were investigated using symmetric cells and visual tests. The
CV curves of the assembled symmetric cells using the P-Fe,P@NGC and
P-NGC powders as counter and working electrodes are presented in
Fig. 8a. The symmetrical cells containing P-Fe,P@NGC electrodes
exhibit sharp redox peaks supplemented with high current intensities,
thus indicating efficient electrocatalytic conversion of polysulfide by the
Fe,P nanoparticles. The origin of the catalytic activity of the lithium
polysulfides by the P-Fe,P@NGC microspheres is primarily due to the
formation of triple-phase boundaries between the catalyst (Fe,P),
conductive support (ordered mesoporous P-NGC microspheres), and
electrolyte, which not only immobilize the sulfur species but also facil-
itate their electrocatalytic conversion, as reported previously [76]. In
contrast, the CV curves of the cells employing P-NGC electrodes exhibit
no redox peaks confirming the absence of the polysulfide catalytic
conversion. Although the comparable current intensities for the P-NGC
powders suggest the successful physical confinement of polysulfides,
primarily due to the highly porous structure; however, the evidence for
their catalytic conversion is missing. Similarly, the initial five CV curves
of the symmetric cells employing P-Fe,P@NGC (Fig. 8b) electrodes
exhibit overlapping profiles, suggesting repeated catalytic conversion
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characteristics over cycling compared to the P-NGC (Fig. 8c). These
results are supported by the visual polysulfide capturing tests presented
in Fig. 8d. The color change from pale yellow (initial) to transparent (t =
1 h) upon the addition of the P-Fe,P@NGC and P-NGC powders indicates
strong polysulfide confinement characteristics of both powders. A
schematic of the efficient trapping of polysulfides and other S species by
the multifunctional P-Fe,P@NGC microsphere-coated separator is pre-
sented in Fig. 8e. Additionally, to examine the applicability of the pre-
pared multifunctional interlayers, Li-S cells featuring a P-Fe,P@NGC
microsphere-coated separator with high S loadings (2.05 and 3.46 mg
cm2) were attached in series (Fig. 8f) with a load (light-emitting diode;
5V, 10 mW). The digital photographs indicate that the Li-S batteries
successfully powered the LED, thus envisaging the practical applicability
of the prepared nanostructures as multifunctional interlayers.

The efficient adsorption and electrocatalytic conversion of poly-
sulfide species were further validated using FE-SEM to analyze the
morphologies of the separator coatings after cycling at 0.5C-rate
(Fig. S10). The FE-SEM image presented in Fig. S10a indicates that the
spherical morphology of P-Fe,P@NGC coatings was retained even after
prolonged cycling. Besides, the high-magnification FE-SEM image
shown in Fig. S10b shows no polysulfide deposits, indicating the effi-
cient catalytic conversion of trapped polysulfide species to elemental S
by Fe,P nanoparticles. This resulted in high sulfur utilization and
enhanced electrochemical performance. In contrast, the FE-SEM mi-
crographs of the P-NGC coating in Fig. S10c and d indicate large poly-
sulfide deposits, primarily due to the nonpolar nature of the carbon that
constitutes the microspheres. This leads to a high proportion of unuti-
lized sulfur, and hence, inferior electrochemical properties. Lastly, the
introduction of porous and conductive P-Fe,P@NGC microspheres as a
functional interlayer enhanced the electrochemical properties of Li-S
batteries. Our design strategy resulted in efficient electrolyte percolation
along with better diffusion of charged species, low volume changes, fast
redox reaction kinetics, and effective anchoring of the polysulfide
species.

4. Conclusions

In summary, we proposed a novel multifunctional interlayer for
stable Li-S batteries which comprising three-dimensionally ordered
mesoporous microspheres and well-embedded biphasic iron phosphide
(Fe,P) nanoparticles inside the N-doped graphitic carbon skeleton (P-
Fe,P@NGC). The highly porous structure not only guaranteed an effi-
cient electrolyte infiltration but also shortened the effective diffusion
length for charged species while channelizing the volume changes.
Similarly, the highly conductive NGC framework not only enhanced the
overall conductivity of the nanostructure but also offered numerous
conductive channels for fast electron transfer, which eventually sup-
ported kinetically favored redox reactions. The polar Fe,P nanoparticles
acted as chemisorption active sites for the efficient chemical confine-
ment and electrocatalytic conversion of polysulfide and other S-like
species. Advancing from the structural benefits, Li-S cells featuring the
P-Fe,P@NGC-coated separator as functional interlayer demonstrated
good rate performance (till 2.0C) and cycling stability at 0.1, 0.5, and
1.0C-rate. The enhanced electrochemical performance was credited to
the facile diffusion of charged species, fast charge transfer, and efficient
anchoring of polysulfide species, resulting in improved active material
consumption. Therefore, we anticipate that the novel approach dis-
cussed here will provide significant understandings into the develop-
ment of numerous conductive and porous nanostructures for wide
applications.
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