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Effects of O, S, and P in transition-metal
compounds on the adsorption and catalytic ability
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Transition-metal compounds (TMCs) have recently become promising candidates as lithium—sulfur (Li—S)
battery cathode materials because they have unique adsorption and catalytic properties. However, the
relationship between the anionic species and performance has not been sufficiently revealed. Herein,
using FeCoNiX (X = O, S, and P) compounds as examples, we systematically studied the effects of the
anion composition of FeCoNiX compounds on the adsorption and catalytic abilities of sulfur cathodes in
Li—-S batteries. Adsorption tests and density functional theory calculations showed that the adsorption
ability toward lithium polysulfides follows the order: FeCoNiP > FeCoNiO > FeCoNiS, while in situ
ultraviolet-visible spectroscopy and cyclic voltammetry revealed that the catalytic ability for lithium
polysulfide conversion follows the order: FeCoNiP > FeCoNiS > FeCoNiO. These results indicate that

FeCoNiP is an excellent polysulfide immobilizer and catalyst that restricts shuttling and improves reaction
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Accepted 21st May 2024 kinetics. Electrochemical tests further demonstrated that the FeCoNiP cathode delivered superior cycling

performance to FeCoNiO or FeCoNiS. In addition, the battery performance order is consistent with that

DOI: 10.1039/d4sc01628a of catalytic ability, which suggests that catalytic ability plays a key influencing role in batteries. This study
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Introduction

The increasing demand for portable electronic devices and
electric vehicles has accelerated the exploration of advanced
energy storage devices with high energy density."” Among
various energy-storage systems, the lithium-sulfur (Li-S)
battery has become the focus of attention owing to its ultrahigh
theoretical specific capacity (1672 mA h g') and prominent
theoretical energy density (2600 W h kg™ ").>* Moreover, sulfur
as an active substance is earth-abundant, inexpensive and
nontoxic. Despite these potential advantages, the commercial-
ization of Li-S batteries still faces a multitude of obstacles, such
as the poor conductivity of sulfur and its solid-state discharge
products (Li,S/Li,S,), the shuttle effect caused by the dissolu-
tion and diffusion of lithium polysulfides (LiPS), and the slow
kinetics of the LiPS redox reaction.>*
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provides new insight into the use of O-, S-, and P-doped TMCs as functional sulfur carriers.

To address these issues, numerous strategies have been
proposed to design and construct sulfur hosts. The most exten-
sively used strategy is to employ carbon materials with a high
surface area as the sulfur host for providing high electrical
conductivity.”® Nevertheless, although a variety of carbon-based
materials, including carbon fibers, carbon nanotubes, gra-
phene, and carbon spheres, have been utilized as sulfur hosts in
Li-S battery cathodes, the physical confinement of LiPS is finite
owing to weak van der Waals interactions between polar LiPS and
nonpolar carbons. Recently, polar materials that exhibit catalytic
effects, such as transition-metal oxides, phosphides, and
sulfides, have been investigated with the aim of inhibiting LiPS
shuttling and improving the reaction kinetics for LiPS conver-
sion.”' Strong polar—polar interactions between transition metal
compound (TMC) hosts and LiPS can moderate the diffusion of
intermediate polysulfides, while fast sulfur redox reactions can
improve the use of sulfur."**> However, most of the earlier re-
ported TMCs were applied in the form of irregular particles, with
insufficient porosity; hence, they can only adsorb LiPS near the
surface.” Therefore, TMCs derived from metal-organic frame-
works (MOFs) are promising materials for constructing high-
performance sulfur cathodes because MOF-derived materials,
to some extent, inherit the porosities and high surface areas of
their MOF precursors, which is beneficial for exposing active
sites and anchoring polysulfides.'*"” As special MOFs, Prussian
blue analogues (PBAs) have been demonstrated to be
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Fig.1 The importance of adsorbents and catalysts in sulfur cathodes, and the influence of metal oxides, sulfides and phosphides on adsorption

and catalytic ability.

outstanding precursors for preparing porous nanostructured
TMCs." Notably, the obtained transition metal phosphides
usually exhibit better conductivity in comparison with their oxide
and sulfide counterparts; however, the adsorption strengths and
catalytic abilities of these polar hosts toward polysulfides remain
unclear (Fig. 1).

Herein, we aimed to study the effects of O, S, and P in TMCs
on the adsorption and catalytic ability of sulfur cathodes in Li-S
batteries. Specifically, we reported the controllable synthesis of
FeCoNi-oxide (FeCoNiO), FeCoNi-sulfide (FeCoNiS), and
FeCoNi-phosphide (FeCoNiP) as sulfur host materials, using
FeCoNi-PBA nanocubes as precursors. Adsorption tests and
density functional theory (DFT) calculations showed that the
ability to capture LiPS followed the order: FeCoNiP > FeCoNiO >
FeCoNiS, which indicated that FeCoNiP was capable of acting as
a polysulfide adsorbent that greatly confined LiPS shuttling. In
situ ultraviolet-visible (UV-vis) spectroscopy and cyclic voltam-
metry (CV) revealed that the ability to catalyze the conversion of
LiPS followed the order: FeCoNiP > FeCoNiS > FeCoNiO, which
indicated that FeCoNiP can realize the rapid kinetics of the LiPS
redox reaction. Electrochemical tests showed that, compared
with FeCoNiO and FeCoNiS, the FeCoNiP cathode achieved
better cyclic capability with a stable capacity of 525.8 mA h g~*
after 200 cycles at 0.5C. In addition, the order of battery
performance and catalytic ability was consistent, indicating that
the catalytic ability was more dominant than the adsorption
ability. This study provides an opportunity to construct an ideal
sulfur host that exhibits dual “adsorption-catalysis” behavior.

Results and discussion

FeCoNiX (X = O, S, P) was synthesized in a controlled manner
using FeCoNi-PBA as the precursor. The formation processes
are schematically presented in Fig. 2a and described in detail in
the Experimental section of the ESI.f The materials obtained
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after calcination for 1, 2, and 3 h are referred to as FeCoNiX-1h,
FeCoNiX-2h, and FeCoNiX-3h, respectively. The material that
did not thermally decompose completely is referred to as
FeCoNiX@FeCoNi-PBA. FeCoNi-PBA nanocubes were first
prepared using a simple coprecipitation process. Scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM) revealed that the FeCoNi-PBA particles were cubic in
morphology with smooth surfaces and solid in nature (Fig. S1a
and bt). The cubes are approximately 200 nm in size. Several
PBA derivatives were subsequently synthesized by pyrolyzing
FeCoNi-PBA. Herein, we discussed the influence of calcination
time on the morphologies of the obtained materials. FeCoNiO-
2h was formed by pyrolyzing FeCoNi-PBA at 350 °C in air for 2 h.
SEM and TEM images displayed that FeCoNiO-2h retained the
original cubic morphology of FeCoNi-PBA and possessed coarse
surfaces (Fig. 2b). FeCoNiO-1h exhibited a relatively low surface
roughness, while FeCoNiO-3h exhibited a partially collapsed
structure (Fig. S2a and bt). FeCoNiS-2h was obtained by
annealing the FeCoNi-PBA precursor with sublimed sulfur in
a N, atmosphere at 350 °C for 2 h. Morphological character-
ization showed that FeCoNiS-2h had a cubic structure and rich
particles on its surface (Fig. 2f). FeCoNiS-1h had a similar
structure to FeCoNiS-2h and partially broken particles were
observed on the surfaces of FeCoNiS-3h (Fig. S3a and bf).
Moreover, FeCoNi-PBA nanocubes were phosphatized at 350 °C
for 2 h under N,, during which the PH; gas released from the
NaH,PO, reacted with them to generate FeCoNiP-2h products.
Fig. 2j shows that FeCoNiP-2h had slightly truncated structures
at the eight corners of its cubes and cracked surfaces. The
morphology of FeCoNiP-1h was similar to that of FeCoNiP-2h;
however, FeCoNiP-3h exhibited a partially broken structure
(Fig. S4a and bt). Three types of composites were obtained by
controlling the calcination temperature and the amount of
doping sources. The morphology of FeCoNiX@FeCoNi-PBA was
consistent with that of FeCoNiX-2h (Fig. S5a-ct).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic diagram of the preparation process for FeCoNiO-S, FeCoNiS-S, and FeCoNiP-S. (b) SEM and TEM images of FeCoNiO-2h.

(c) Magnified TEM image and SAED pattern, (d) HRTEM image, and (e) elemental mapping images of FeCoNiO-2h-S. (f) SEM and TEM images of
FeCoNiS-2h. (g) Magnified TEM image and SAED pattern, (h) HRTEM image, and (i) elemental mapping images of FeCoNiS-2h-S. (j) SEM and TEM
images of FeCoNiP-2h. (k) Magnified TEM image and SAED pattern, () HRTEM image, and (m) elemental mapping images of FeCoNiP-2h-S.

X-ray diffraction (XRD) analysis was performed to investigate
the crystalline structures of FeCoNi-PBA, FeCoNiX@FeCoNi-
PBA, and FeCoNiX. The diffraction peaks of FeCoNi-PBA
ascribed to FeNi-PBA (JCPDS No. 51-1897) and FeCo-PBA
(JCPDS No. 46-0907) can be identified (Fig. S61). Among the
various FeCoNiX-2h samples, the characteristic peaks of
FeCoNiO-2h were well indexed to Fe;O, (JCPDS No. 75-0449),
Co;0, (JCPDS No. 74-2120), and NiO (JCPDS No. 75-0197)
(Fig. S7at). The diffraction peaks observed for FeCoNiS-2h were
well assigned to the standard patterns of FeS, (JCPDS No. 79-
0617), CoS, (JCPDS No. 89-3056), and NiS, (JCPDS No. 80-0377)

© 2024 The Author(s). Published by the Royal Society of Chemistry

(Fig. S8at). The XRD pattern of FeCoNiP-2h indicated that FeP
(JCPDS No. 89-2746), CoP (JCPDS No. 29-0497), and Ni,P (JCPDS
No. 89-4864) were its main phases (Fig. 3a). The characteristic
peaks of FeCoNiX-1h and FeCoNiX-3h were consistent with
those of FeCoNiX-2h (Fig. S7-S9t). The main peaks observed for
FeCoNiO at 36.1° and 44.3°, FeCoNiS at 32.4° and 55.3°, and
FeCoNiP at 48.3° and 56.6° gradually intensified with increasing
calcination time, consistent with enhanced degrees of oxida-
tion, sulfidation, and phosphatization. Furthermore, the char-
acteristic peaks of FeCoNiX@FeCoNi-PBA were well indexed to
FeCoNiX and FeCoNi-PBA (Fig. S10t). The chemical structures
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01628a

Open Access Article. Published on 28 May 2024. Downloaded on 12/5/2025 3:09:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

a b e -
A #— FeCoNiP-2h
W/’ \\ . _—*—FeCoNiP-2h-S T
iD_oh_ N/’QW o "E
-w‘wyulurl«'.x.}t,.b,_«A\WLMM‘NMEST'P s — |FeCoNiP-2h NS g 24050m w//”
SO = - E /,
3 | = L J
g s § 1803 P 4
> !‘ ‘ S JCPDS 08-0247 @ % g
- = TS ‘E [FeCoNis-2h 2 S0l
Qo g B p— 5 & 0 20 30 4
£ il i FeCoNiP-2h g — e £ 120 Foeomariom
o \ ;
LA LAWY xw‘w“\‘""'*‘“m‘mﬁwww"“w F |FeCoNiO-2h \/ < ?
o FeP JCPDS 89-2746 i S 60 4 A
CoP JCPDS 29-0497 g )
Ni,P JCPDS 89-4864 FeCoNi-PBA | cN
|
~! ol
10 20 30 40 50 60 70 80 3000 2500 2000 1500 1000 00 02 04 06 08 10
2 theta (degree) Wavelength (cm™) Relative Pressure (P/P,)
d | S-S € | reconip2ns Fe**  Fe2p f FeCoNiP-2h-S co* Co2p

1 g i
| ¢ fk FeCoNiP-2h-S
| i

i

i

. A H FeCoNiS-2h-S

Intensity (a.u.)
Intensity (a.u.)

i FeCoNiO-2h-S

Fe?

Intensity (a.u.)

T T T T T T T
200 300 400 500 600 700 730 725
Raman shift cm™)

720
Binding Energy (eV)

715 710 705 805 800 795 790 785 780 775
Binding Energy (eV)

g FeCoNiP-2h-S Ni 2p h FeCoNiP-2h-S p.o P2p I FeCoNiP-2h-S
Niz»
f it Ya Ni-PIS
Sat.

3 VAN ‘ 3 P 2p,, P 3P 3

< s * s

> > > | FeCoNiS-2h-8

g E 2

8 8 $

£ | FeCoNiP-2h £ | FeCoNiP-2h E
FeCoNiO-2h-S

885 880 875 870 865 860 855 850 138 136 134 132 130 128 126 172 170 168 166 164 162 160

Binding Energy (eV)

Fig. 3

Binding Energy (eV)

Binding Energy (eV)

(a) XRD patterns of FeCoNiP-2h and FeCoNiP-2h-S. (b) FTIR spectroscopy of FeCoNi-PBA, FeCoNiO-2h, FeCoNiS-2h, and FeCoNiP-2h.

(c) N2 adsorption—desorption isotherms and pore size distribution of FeCoNiP-2h and FeCoNiP-2h-S. (d) Raman spectrum of FeCoNiO-2h-S,
FeCoNiS-2h-S, and FeCoNiP-2h-S. High-resolution XPS spectra of (e) Fe 2p, (f) Co 2p, (g) Ni 2p, (h) P 2p of FeCoNiP-2h and FeCoNiP-2h-S. (i) S

2p XPS spectra of FeCoNiO-2h-S, FeCoNiS-2h-S, and FeCoNiP-2h-S.

of PBA and its derivatives were studied using Fourier transform
infrared (FTIR) spectroscopy. The peaks observed at 2165 and
2092 cm™ " for FeCoNi-PBA were attributable to the character-
istic stretching vibrations of the CN group (Fig. 3b)." The
FeCoNiX@FeCoNi-PBA hybrids exhibited weaker characteristic
CN peaks following calcination, which indicated that some CN
remained in the untransformed PBA frameworks (Fig. S117).>
Moreover, the characteristic CN peak was not observed in the
spectrum of FeCoNiX, which indicated that the PBA materials
had fully decomposed (Fig. S127).

Sulfur molecules were introduced into the FeCoNi-PBA,
FeCoNiX@FeCoNi-PBA, and FeCoNiX samples via a liquid
diffusion process.** After sulfur loading, the FeCoNi-PBA-S,
FeCoNiX@FeCoNi-PBA-S, FeCoNiX-1h-S, FeCoNiX-2h-S, and
FeCoNiX-3h-S composites maintained their original

9778 | Chem. Sci,, 2024, 15, 9775-9783

nanostructures (Fig. S1-S5 and S137). By controlling the feeding
ratio, the sulfur content was governed to be 70 wt%, as
confirmed by elemental analysis data (Table S1%).2> The
FeCoNiX-2h-S samples were subjected to high-resolution TEM
(HRTEM) observation. The enlarged TEM images show that
many nanoparticles were produced within these materials
during calcination, with their selected area electron diffraction
(SAED) patterns confirming their good polycrystalline feature
(Fig. 2¢,g and k). The pattern of FeCoNiO-2h-S revealed three
spacings of 0.251, 0.243, and 0.208 nm that originated from the
(311) plane of Fe;0,, the (311) plane of Co;0,, and the (200)
plane of NiO, respectively (Fig. 2d). Three obvious fringes
observed for FeCoNiS-2h-S were consistent with spacings of
0.272, 0.247, and 0.227 nm that corresponded to the (200) facet
of FeS,, the (210) facet of CoS,, and the (211) plane of NiS,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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crystals, respectively (Fig. 2h). Fig. 21 shows that FeCoNiP-2h-S
was well crystallized with explicit lattice spacings of 0.196,
0.283, and 0.221 nm that belonged to the (112) facet of FeP, the
(011) facet of CoP, and the (111) facet of Ni,P, respectively. The
high-angle annular dark field scanning TEM (HAADF-STEM)
and elemental mapping images demonstrated that Fe, Co, Ni,
O, P, and S were uniformly distributed in the FeCoNiX-2h-S
samples (Fig. 2e, i and m).

Raman analysis was employed to further corroborate the
success of sulfur loading. The peak at 2168 cm ™" of the FeCoNi-
PBA precursor corresponded to the vibration of the CN group*
and disappeared after calcination, which meant that this
precursor had been decomposed (Fig. S14a and Si15af). The
Raman spectrum of FeCoNiS and FeCoNiP showed weak G- and
D-bands (~1580 and ~1350 cm ™, respectively), which corre-
sponded to the typical E,, vibration mode of sp> carbon.?* This
showed that a small amount of carbon derived from the cyano
group existed in the FeCoNiS and FeCoNiP samples. After sulfur
loading, three main peaks observed at 154, 219, and 471 cm™"
belonged to Sg molecules (Fig. 3d and S14-S157).>* The XRD
patterns of all sulfur-impregnated products also exhibited
obvious Sg signals (Fig. S6-S10t). Additionally, compared to
pristine FeCoNiX-2h, the N, absorption quantity and pore
volume of FeCoNiX-2h-S decreased significantly, indicating that
Sg was well embedded in the FeCoNiX-2h pores (Fig. 3c and S16-
S177t).2¢ The pore-size distributions suggested that the FeCoNiX-
2h samples contained both micropores and mesopores in their
structures, which contributed to anchoring sulfur and
polysulfides.

The FeCoNiX-2h and FeCoNiX-2h-S samples were subjected
to X-ray photoelectron spectroscopy (XPS) to clarify their
elemental compositions and chemical bonding. Fig. 3e-h show
the bonding states of M (M = Fe/Co/Ni) and P in FeCoNiP-2h
and FeCoNiP-2h-S. The Fe, Co, and Ni 2p XPS spectra of
FeCoNiP-2h showed that metal ions primarily exist in +2 and +3
valence states (Fig. 3e-g).?” These three spectra showed peaks at
707.1/720.2, 778.5/793.8, and 853.5/870.4 eV that were charac-
teristic of Fe-P, Co-P, and Ni-P bonds, respectively.”®*** Sulfur
loading did not appear to affect the valence states of these
metals. Moreover, each M-P peak was more intense after sulfur
loading, which indicated the presence of M-S bonds and
confirmed that electrons were transferred between the metal
atoms in the surface oxidation layer of the FeCoNiP-2h nano-
particles and the S atoms.*® The P 2p spectrum of FeCoNiP-2h
showed a pair of P 2p;, and P 2p,, peaks at 129.4 and
130.3 eV, respectively, corresponding to the formation of P-Fe/
Co/Ni (Fig. 3h).** The peak at 133.9 eV reflected the P-O bonds
produced by the oxidation of the sample in air. The P 2p spec-
trum in FeCoNiP-2h-S showed that the component of P-Fe/Co/
Ni increased, which may be induced by sulfur molecules. The M
and O XPS spectra of FeCoNiO-2h and FeCoNiO-2h-S are shown
in Fig. S18,T which revealed that Fe, Co and Ni also existed in
bivalent and trivalent forms. The O 1s spectrum at 529.8 eV
corresponded to oxygen atoms bound to metals.** After the
sulfur loading process, the peaks appeared at 707.5/720.2 eV,
778.7/793.4 eV, and 853.6/870.9 eV, which can be assigned to
Fe-S, Co-S, and Ni-S bonds, respectively.** M-S bonds are

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

formed through good interactions between the transition metal
atoms on the FeCoNiO-2h surface and the sulfur atoms.
Fig. S191 shows the bonding states of M and S in FeCoNiS-2h
and FeCoNiS-2h-S; the cations in FeCoNiS had valences that
were consistent with those in FeCoNiP and FeCoNiO. After
sulfur loading, the intensity of M-S components did not show
a significant increase trend, indicating that the interaction
between FeCoNiS-2h and sulfur molecules was relatively poor.
To further illustrate the interaction between the three FeCoNiX-
2h samples and sulfur, the S 2p XPS spectra of FeCoNiO-2h-S,
FeCoNiS-2h-S and FeCoNiP-2h-S were analyzed (Fig. 3i). The
peaks at ~163.6 and ~164.8 eV were assigned to S 2p;/, and S
2p1s2, respectively,® and the peak at ~169.2 eV indicated the
generation of sulfate species. In addition, the S 2p spectra of
FeCoNiP-2h-S exhibited a clearer S-M signal, confirming that
FeCoNiP-2h and sulfur are strongly chemically bonded.

Coin cells were assembled to estimate the battery perfor-
mance using metal oxides, sulfides and phosphides as sulfur
host materials. FeCoNiO-2h-S, FeCoNiS-2h-S and FeCoNiP-2h-S
were subjected to CV in the 1.7-2.7 V voltage range at 0.1 mV s "
to investigate the reversibility of the sulfur redox reaction
(Fig. S20t). The FeCoNiP-2h-S cathode exhibited a peak at 2.31 V
that corresponded to the conversion of Sg into high-order LiPS
and a peak at 2.05 V that corresponded to the conversion of
high-order LiPS into Li,S,/Li,S (Fig. S20ct).*® The anodic peak at
2.42 V corresponded to the oxidation process of Li,S,/Li,S to Sg.
The cathodic peaks overlapped well over the next two cycles,
indicative of excellent reversibility. CV was performed at various
scan rates in the 0.1-0.5 mV s~ ' range to study the catalytic
capability of these three sulfur hosts for LiPS transformation
(Fig. 4a and S211).°® Excellent electrochemical stability was
observed, as evidenced by the unchanged shape of the redox
peaks with increasing scan rate. The diffusion behaviors of Li"
were evaluated using the Randles-Sevick equation:

I, = (2.69 x 10°)n'°ADy "> Cpp°?

where I, A, n, Dy;, Cy;, and v represent the peak current, surface
area of the electrode, electron transfer number, Li* diffusion
coefficient, Li* concentration, and scan rate, respectively. In
general, n, 4, and Cy; can be considered as constants. Therefore,
the peak current is linearly correlated with the square root of the
scan rate, and the slope of the curve (I,/v*°) is usually used to
determine the Li" diffusion rate.*” The fitted plot in Fig. 4b
represents the conversion procedure from Sg to LiySe/LiySy,
while that in Fig. 4c reflects the conversion procedure from
Li,Se/Li»S, to Li,S,/Li,S. The slope of the FeCoNiP-2h-S cathode
was observed to be greater than that of FeCoNiO-2h-S and
FeCoNiS-2h-S cathodes, confirming a quicker diffusion rate of
Li" and more effective LiPS transformation in the FeCoNiP-2h-S
cathode.®®

The galvanostatic charge/discharge (GCD) curves under
different cycles at 0.5C clearly manifested two discharge plat-
forms, which corresponded to the S — Li,S, — Li,S,/Li,S
conversion process (Fig. 4d and S22t). The FeCoNiP-2h-S
cathode delivered a higher initial specific discharge capacity
(1356.2 mA h g™ ) than FeCoNiO-2h-S (1317.4 mA h g™ ') and
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Fig. 4 (a) CV curves at various scan rates of the FeCoNiP-2h-S electrode. The plots of peak current versus the square root of the scan rate (v°-°)
for (b) the transformation process from Sg to Li»Se/Li>S4 and (c) the transformation process from Li»Se/Li>S4 to LisS,/LisS. (d) The GCD profiles at

0.5C of the FeCoNiP-2h-S electrode. (e) Rate performance of the FeC

oNiX-2h-S electrode at various current densities. (f) EIS spectra for the

three PBA derivatives. (g) Cycle performance at 0.5C over 200 cycles. (h) Radar map of the initial and final capacities of all electrode materials at

0.5C. (i) Schematic diagram of the influence of FeCoNiO, FeCoNiS and

FeCoNiS-2h-S (1347.5 mA h g~ ') cathodes. For FeCoNiP-2h, the
large discharge capacity in the sloping region at the end of
discharge is mainly due to its acceleration of the transformation
from Li,S, to Li,S (Fig. 4d). Moreover, there is a deviation
between the oxidation peak of CV curves and the voltage plateau
of GCD curves, which may be due to different degrees of elec-
trode polarization caused by different test conditions. The
cycling measurement of the three TMCs as sulfur hosts at 0.5C
further verified the superior battery performance of the
FeCoNiP-2h-S electrode (Fig. 4g). A stable capacity of
525.8 mA h g~ over 200 cycles was maintained for FeCoNiP-2h-
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S, far exceeding those of FeCoNiO-2h-S (278.2 mA h g™') and
FeCoNiS-2h-S (400.9 mA h g™'). Relative to previously reported
results of metal compounds as sulfur hosts, the FeCoNiP-2h-S
cathode displayed competitive electrochemical performance
(Table S2t). Furthermore, it also achieved a superior coulombic
efficiency of over 98% during cycling. Even under a higher
current density of 1C, the FeCoNiP-2h-S cathode delivered
a high specific capacity of 481.9 mA h g~' after 200 cycles
(Fig. S23t). The FeCoNi-PBA precursor as a sulfur carrier
provided a low specific capacity of 351.1 mA h g~ over 200
cycles, which further proved that sulfur can be well anchored in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Contour maps of in situ UV-vis spectra and the corresponding discharge profile of (a) FeCoNiO-2h-S, (b) FeCoNiS-2h-S, and (c) FeCoNiP-

2h-S electrodes. Contour map of in situ XRD patterns and the GCD

profile of (d) FeCoNiO-2h-S, (e) FeCoNiS-2h-S, and (f) FeCoNiP-2h-S

electrodes. (g) The adsorption configurations of the Li,S4 molecule adsorbed on the main phases of FeCoNiO, FeCoNiS, and FeCoNiP. (h)
Comparison of the binding energies of Li>S4 to FezO4, Coz04, NiO, FeS,, CoS,, NiS,, FeP, CoP, and Ni,P.

the FeCoNiP-2h-S electrode to heighten the cycling performance
(Fig. S241). In addition, the rate performance of FeCoNiX-2h-S
was evaluated at 0.1-1.0C. FeCoNiP-2h-S exhibited an
outstanding rate performance with specific capacities of 1272.6,
764.9, 632.0, and 504.1 mA h g* at 0.1, 0.2, 0.5, and 1.0C,
respectively, suggestive of a high sulfur utilization rate (Fig. 4e
and S$257). The specific capacity recovered to 743.8 mA h g~ " as
the current density turned to 0.1C. The kinetic behavior of
FeCoNiX-2h-S samples was assessed using electrochemical
impedance spectroscopy (EIS). The semicircle in the high-
frequency area and the inclined line in the low-frequency area
represented the charge-transfer resistance (R.) and the War-
burg impedance (W,), respectively.®® The Nyquist plots dis-
played in Fig. 4f showed that the FeCoNiP-2h-S electrode
possessed the smallest R.. value, which was favorable for
improving rate performance and reducing polarization. The
Warburg tail slope of the FeCoNiP-2h-S electrode is the steepest,
indicative of a rapid Li" diffusion process.

Interestingly, we also studied how FeCoNiX calcination time
affected Li-S battery performance (Fig. S261). For FeCoNiS and
FeCoNiP, the performance of FeCoNiX-2h was better than that of
FeCoNiX-1h and FeCoNiX-3h (Fig. 4h). However, the perfor-
mance of FeCoNiO-1h was better than that of FeCoNiO-2h and

© 2024 The Author(s). Published by the Royal Society of Chemistry

FeCoNiX-3h. The poor performance of FeCoNiX-3h was possibly
ascribable to morphological collapse resulting from prolonged
calcination. The destruction of the structure led to the lack of
arelatively closed sulfur storage space, which resulted in the easy
dissolution of sulfur into organic electrolyte and the decrease of
the utilization rate. Overall, the performance followed the order:
FeCoNiP > FeCoNiS > FeCoNiO. The excellent performance
originated from the high adsorption ability and catalytic effect of
FeCoNiP (Fig. 4i). In addition, FeCoNiO@FeCoNi-PBA out-
performed both the FeCoNi-PBA precursor and FeCoNiO-2h
(Fig. S27-S29t). However, FeCoNiS@FeCoNi-PBA and
FeCoNiP@FeCoNi-PBA performed more poorly than FeCoNiS-2h
and FeCoNiP-2h, respectively. This indicated that a lower degree
of oxidation and higher degrees of sulfidation and phosphati-
zation are beneficial for high performance.

To further assess the adsorption ability of metal oxides,
sulfides and phosphides toward LiPS, visual LiPS adsorption
tests were carried out for FeCoNiO-2h, FeCoNiS-2h and
FeCoNiP-2h. The absorption peak at 417 nm belonged to the
Li,S, species (Fig. S301).* The brown Li,S,-containing solution
became transparent because of chemical adsorption. The color
of the Li,S, solution containing FeCoNiP-2h significantly faded
after 10 h, whereas the Li,S, solution containing FeCoNiS-2h

Chem. Sci., 2024, 15, 9775-9783 | 9781
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remained very turbid (Fig. S31t), which indicates that Li,S, was
highly absorbed by FeCoNiP-2h. The Li 1s XPS spectrum of
FeCoNi-2h-P soaked in Li,S, solution exhibited a characteristic
peak at 55.1 eV that was attributable to the Li-S bond in Li,S,
(Fig. S3271). The upper Li,S, solution was collected and exam-
ined by UV-vis spectroscopy. The FeCoNiP-2h supernatant
exhibited the weakest absorption at 417 nm, while FeCoNiS-2h
exhibited the strongest. These observations were consistent
with the visible LiPS adsorption results. The strong chemical
binding between FeCoNiP and LiPS was further verified by DFT
calculations. Fig. 5g displays the optimized configurations of
Li,S, adsorbed on the main phases of FeCoNiO, FeCoNiS, and
FeCoNiP, which showed that Fe;O,, Co;0,, NiO, FeS,, CoS,,
NiS,, FeP, CoP, and Ni,P bind to Li,S, molecules with calculated
energies of —3.68, —3.91, —3.89, —2.03, —3.71, —3.40, —4.97,
—4.15, and —4.87 eV, respectively (Fig. 5h). While Li,S; main-
tained a relatively complete structure on the surfaces of FeCo-
NiO and FeCoNiS, it decomposed owing to stronger polar-polar
interactions between Li,S, and FeCoNiP. Overall, adsorption
ability toward LiPS followed the order: FeCoNiP-2h > FeCoNiO-
2h > FeCoNiS-2h. Furthermore, SEM revealed that the three
TMCs were very stable in the Li,S, solution (Fig. S337). Surface
morphologies before and after battery cycling were also studied
using SEM (Fig. S347), with all FeCoNiX-2h-S samples showing
only slight changes after cycling, which was indicative of good
electrochemical stability.

We used in situ UV-vis spectroscopy with a visual cuvette during
discharging at 0.05C to deeply probe the catalytic mechanism
associated with LiPS conversion. Various types of LiPS can be
confirmed qualitatively and long-chain or short-chain LiPS can be
distinctly discriminated.*"** The FeCoNiO-2h-S, FeCoNiS-2h-S, and
FeCoNiP-2h-S electrodes were involved in multiple redox reactions
in Li-S batteries and formed Sg>~, S¢>~, S, and S;"~, with S,>~
and S;°~ as steady and predominant reaction intermediates
(Fig. 5a-c).® In the contour map, the concentration of different
polysulfide intermediates was displayed in different colors, with
shades closer to purple and red representing lower and higher
concentrations, respectively. In contrast to FeCoNiO-2h-S and
FeCoNiS-2h-S electrodes, the UV-vis spectrum of the FeCoNiP-2h-S
electrode showed the highest level of S>~ and S;"~ free radicals in
the Li-S electrolyte, which indicated that FeCoNiP-2h-S can effi-
ciently enhance the reaction kinetics of LiPS conversion. More-
over, the FeCoNiS-2h-S electrode exhibited a higher level of S¢>~
and S;°~ concentrations than FeCoNiO-2h-S, indicating a faster
catalytic reaction from S¢>~ to 2S;" . Therefore, the catalytic ability
followed the order: FeCoNiP-2h > FeCoNiS-2h > FeCoNiO-2h. This
was consistent with the observed performance order, indicating
that the catalytic ability was more dominant than the adsorption
ability. Overall, FeCoNiP offered enormous promise as a sulfur
host for Li-S batteries, which originated from its high electrical
conductivity, excellent LiPS adsorption and catalytic capabilities.
The in situ XRD patterns of FeCoNiP-2h-S during the discharge
process at 0.05C are displayed in Fig. 5f, in which the peak at 23.3°
was assigned to the Sg molecule.* With the increase of discharge
depth, the peak intensity decreased. FeCoNiO-2h-S and FeCoNiS-
2h-S exhibited similar in situ XRD patterns to FeCoNiP-2h-S
(Fig. 5d and e).
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Conclusion

In summary, FeCoNiO, FeCoNiS and FeCoNiP nanomaterials
were synthesized systematically, and their effects on the
adsorption and catalytic ability of sulfur cathodes were studied.
Li,S, adsorption tests and DFT calculations were used to study
the adsorption ability, and in situ UV-vis spectroscopy and CV
tests were used to study the catalytic ability. The reaction
mechanism operating in the Li-S battery during the GCD
process was investigated using in situ XRD. When utilized as
a sulfur carrier, FeCoNiP was found to serve as a LiPS immo-
bilizer and a catalyst to deliver superior electrochemical
performance in terms of cycling stability and rate properties. In
addition, according to the study of adsorption and catalytic
strength, it is found that catalytic ability plays a leading role in
determining battery performance. This work reveals the rela-
tionship between anionic species and performance, which
provides a valuable reference for the selection of sulfur host
materials. Additionally, the results of this study show that the
construction of metal phosphides from MOFs is an instructive
strategy for designing high-performance Li-S batteries with
high conductivity, strong binding, and fast kinetics, which
would bring about gigantic prospects for the development of
energy storage systems.
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