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Molybdenum Carbide Electrocatalyst In Situ Embedded in
Porous Nitrogen-Rich Carbon Nanotubes Promotes Rapid
Kinetics in Sodium-Metal-Sulfur Batteries

Hongchang Hao,* Yixian Wang, Naman Katyal, Guang Yang, Hui Dong, Pengcheng Liu,
Sooyeon Hwang, Jagannath Mantha, Graeme Henkelman, Yixin Xu,

Jorge Anibal Boscoboinik, Jagjit Nanda, and David Mitlin*

This is the first report of molybdenum carbide-based electrocatalyst for
sulfur-based sodium-metal batteries. MoC/Mo,C is in situ grown on
nitrogen-doped carbon nanotubes in parallel with formation of extensive
nanoporosity. Sulfur impregnation (50 wt% S) results in unique triphasic
architecture termed molybdenum carbide—porous carbon nanotubes host
(MoC/Mo,C@PCNT-S). Quasi-solid-state phase transformation to Na,S is
promoted in carbonate electrolyte, with in situ time-resolved Raman, X-ray
photoelectron spectroscopy, and optical analyses demonstrating minimal
soluble polysulfides. MoC/Mo,C@PCNT-S cathodes deliver among the
most promising rate performance characteristics in the literature, achieving
987 mAhg'at1A g™, 818 mAhg'at3 Ag™, and 621 mAh g at 5 A g”. The
cells deliver superior cycling stability, retaining 650 mAh g after 1000 cycles
at 1.5 A g7, corresponding to 0.028% capacity decay per cycle. High mass
loading cathodes (64 wt% S, 12.7 mg cm~2) also show cycling stability. Den-
sity functional theory demonstrates that formation energy of Na,S, (1 <x<4)
on surface of MoC/Mo,C is significantly lowered compared to analogous
redox in liquid. Strong binding of Na,S, (1 < x < 4) on MoC/Mo,C surfaces

abundance of sulfur. The lower cost and
greater availability of sodium as compared
to lithium precursors is spurring the incre-
mental focus on Na-S batteries. The tra-
ditional high temperature Na—S batteries
operating at 300-350 °C comprise the
molten electrodes and the solid inorganic
[P-alumina electrolyte. This mature design
is known to have safety issues and a rela-
tively low theoretical energy 760 W h kg™
(2Na + 3S — Na,S;).2! Instead, there is a
strong incentive to develop room-temper-
ature (RT) Na—S batteries which in prin-
ciple allow the two-electron reduction of
sulfur to Na,S, with a higher theoretical
energy of 1273 Wh kg™ and less of a safety
concern.!

In practice, RT Na—S cells are likewise
held back by several primary challenges
including polysulfide (Na,S,, 4 < x < 8)
dissolution and crossover in liquid elec-

results from charge transfer between the sulfur and Mo sites on carbides’

surface.

1. Introduction

Rechargeable batteries are being widely employed in a broad
range of applications ranging from portable electronics to
electric vehicles.ll Alkali-metal-sulfur batteries are highly
promising due to the favorable technoeconomics and the earth

trolytes. Other concerns are the insulating
nature of sulfur (0, =5 x 107 S cm™) and
associated sluggish sulfur redox kinetics,
as well as the large volume expansion
(170%) of the cathode on cell discharge.! Sodium ions have
lower solid-state diffusivity and reactivity with solid S than
lithium ions. Consequently the electrochemical redox processes
in Na-S are more sluggish than in the Li-S counterpart.’! For
Na-S cells, the galvanostatic plateaus are more sloping and less
well-defined, while the charge-discharge voltage hysteresis is
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larger.®l Taken together, these problems lead to a fast capacity
fade in Na-S cells during extended cycling.”! To improve the
performance, several approaches have been attempted. These
include creating porous nanocarbon matrices such as metal-
organic frameworks (MOF)-derived porous carbon,® hollow
carbon nanospheres,l” mesoporous carbon nanotubes.!% In
addition, several sulfiphilic species such as Fe/Ni/Cu clus-
ters,™ MnO,,[ TiO,,! NiS,,l% MoS,, and MoSe,, have
been engineered as effective electrocatalysts to chemically
adsorb polysulfides on their surface and to promote the Na—S
redox kinetics. Most often, the fabrication approach for such
architectures is based on distinct syntheses steps of pore for-
mation and followed by catalyst loading. N-doped carbon (CN)/
Au/S,l S/Co-hollow carbon (HC),” MoS, .@HC/S,"® and
other examples of cathode systems!'”) have achieved favorable
electrochemical performance using such a sequential host acti-
vation—catalyst infiltration method.

Molybdenum carbides have been shown to have great
promise in enhancing Li-S battery performance in terms of
improved sulfur utilization and extended cycle lifetimes.l?%
For instance, Shi et al. developed a self-standing necklace-like
molybdenum carbide embedded in interconnected N-doped
carbon nanofibers, and employed Li,S; as catholyte in their
system.?® The interconnected conductive carbon network
derived from low-cost bacterial cellulose precursor enabled fast
electron and ion transport in electrode. Moreover, the embedded
ultrafine MoC catalytically promoted their redox conversion. As
a result, an extraordinary areal capacity of 12.3 mA h cm™? at
0.1C was obtained, with employment of such superior electrode
and a quite high areal sulfur loading of 10 mg cm™2. Likewise,
Li et al.’s work on Mo,C embedded carbon nanofibers demon-
strated the multifunctions of Mo,C in promoting Li-Li,S; reac-
tion kinetics.2%4 Although the host in those prior arts displayed
inconspicuous physical confinement of sulfur due to the lim-
ited surface area (<300 m? g7!), the sulfiphilic MoC or Mo,C
could still effectively adsorb the polysulfide species in electro-
lyte through strong chemical interaction.

By contrast, the efficacy of molybdenum carbides in Na-S
batteries is unexplored. Although much less is known for Na—S
as compared to Li-S, the redox reactions with the former are
well-documented to be significantly more sluggish, posing a
greater challenge for an effective electrocatalyst.?! The volume
expansion and associated stress of sulfur converting to Na,S
versus to Li,S (171% vs 80%) create a larger nucleation bar-
rier for the former redox reaction. Sodiation and desodiation
reactions are also impeded by the slower solid-state diffusivity
of sodium ions within various carbon hosts as compared to
lithium ions.?l Moreover, the cycling-induced capacity fade
with the Na-S systems appears to be more extreme than with
Li-S. This is due to a combination of enhanced sodium poly-
sulfide dissolution and possible crossover to the anode, acceler-
ated loss of active S during cycling due to its repeated volume
expansion, and because of the instability of the Na-metal anodes
in both carbonate and ether electrolytes.[??3] In carbonate elec-
trolytes, Na—S batteries may display a “quasi-solid-state phase
transformation” where the liquid-phase polysulfide redox reac-
tions are suppressed.??¥ This is desirable since it prevents
polysulfide dissolution into the electrolyte. To achieve quasi-
solid-state reactions with Na-S, the entire redox process has
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to be either confined in carbon micropores/small mesopores
or to be anchored on energetically favorable secondary sur-
faces, such as MOF-derived mesoporous carbon,?’! biomass-
derived mesoporous carbon,?®! sulfur-doped Ti;C,T, MXene
nanosheets,’ and other hosts. In terms of electrolyte optimiza-
tion, Na-S performance can be further improved through the
addition of fluoroethylene carbonate (FEC) additive, which pos-
sesses a lower binding energy with Na polysulfides, and ena-
bles polysulfides to remain in the cathode instead of dissolving
into electrolyte.l?%%7]

Herein, we report a new approach to significantly promote
the Na—S redox kinetics in a sodium-metal battery while in par-
allel extending its cycling lifetime. The methodology is based
in MoC/Mo,C nanoparticles in situ grown in conjunction with
activation of nitrogen-doped hollow porous carbon nanotubes.
The novelty lies both in the use of novel molybdenum carbide
electrocatalyst, and in the facile single step combined catalyst-
formation-host-activation process. The resultant molybdenum
carbide—porous carbon nanotubes host (MoC/Mo,C@PCNT) is
rich in micropores and small mesopores, and is able to accom-
modate a relatively high mass loading (50%) of elemental S.
During cycling, the S that is confined in the nanopores and is
in contact with the carbides, undergoes a series of rapid and
highly reversible reactions to form the terminal Na,S. A broad
comparison with state-of-the-art Na—S literature demonstrates
that the MoC/Mo,C@PCNT-S systems displays a highly
promising combination of rate capability and cycling lifetime.
Complementary density functional theory (DFT) simulations
provide fundamental insight regarding the role of MoC/Mo,C
nanoparticles in promoting the sulfur redox reactions.

2. Results and Discussion

The synthesis strategy for the sulfur host “MoC/
Mo,C@PCNT” is summarized in Scheme 1, with extended
details of the process being provided in the Supporting Infor-
mation. Modifying the conventional pyrrole polymerization
method, a precursor Na,MoO, was introduced into the reaction
scheme. The design rationale was that the negatively charged
MoO,% anions will strongly interact with the in situ gener-
ated polypyrrole through hydrogen bonds and electrostatic
forces.[?®l The precipitate of anions azo dye methyl orange and
FeCl; serves as the complexing template, degrading automati-
cally during the polymerization/growth of pyrrole. The subse-
quent carbonization process of the Mo-containing polypyrrole
nanotubes in the presence of a ZnCl, activating agent results
in the formation of the final product, MoC/Mo,C@PCNT.
During the high-temperature pyrolysis-activation process, the
MoO,* species are in situ reduced to the MoC/Mo,C nano-
particles attached to the nanotubes while nanoporosity is gener-
ated. These in situ formed carbides remain stable during the
follow-up HCI etching and washing procedure that removes
the residual Zn species. Sulfur is impregnated into the nano-
pores at 50% mass loading to achieve the final cathode material
MoC/Mo,C@PCNT-S. This is done through stepwise melt-
infusion at 155 °C first, followed by a heat treatment at 300 °C
to remove the residual free sulfur. Baseline materials termed
PCNT-S were fabricated through the same procedures except

© 2022 Wiley-VCH GmbH
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Scheme 1. Schematic fabrication process and structure of MoC/Mo,C@PCNT-S composite.

without adding Na,MoO,. Figure S1 (Supporting Information)
shows thermogravimetric analysis (TGA) results under N,
atmosphere. The TGA analysis reveals that the sulfur loadings
in MoC/Mo,C@PCNT-S and PCNT-S are 50.3% and 51.8% by
weight, respectively.

Analytical characterization of MoC/Mo,C@PCNT and
MoC/Mo,C@PCNT-S specimens was performed using scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM). The results for PCNT, MoC/Mo,C@PCNT,
and MoC/Mo,C@PCNT-S are shown in Figure 1 and in
Figures S2-S4 (Supporting Information). The TEM analysis
in Figure la,b and the SEM analysis in Figures S2 and S3
(Supporting Information) highlight the hollow bamboo-like
morphology of PCNTs, with typical diameter in 300 nm
range. As per Figure 1c and Figures S2 and S4 (Supporting
Information), the MoC/Mo,C@PCNT composites retain their
tubular morphology. As shown in Figure 1c, the carbide nano-
particles are 10-25 nm in diameter and are directly attached
to the carbon nanotubes. The high-resolution TEM (HRTEM)
images shown in Figure le,(f reveal that the nanoparticles are
encapsulated by several layers of defective graphene, with a
dilated lattice spacing of 0.383 nm (vs 0.335 nm for graphite).
This has been reported to be caused by the catalytic graphitiza-
tion of amorphous carbon by the Mo species during the car-
bonization process.l?’l The graphitic carbon shell provides elec-
trically conductive pathways, while the expanded layer distance
allows for insertion/extraction of large sodium ions.* Occa-
sionally, there will be a carbide particle that is lost during sample
cleaning and/or specimen preparation, leaving the remanent
carbon shell. One such example is illustrated in Figure 1d and
is marked by the yellow dotted line. Figure 1f,g shows that the
nanoparticles possess a high degree of crystallinity. The lattice
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fringes with interplanar spacings of 0.251, 0.230, and 0.175 nm
are indexed to the MoC(100), Mo,C(121), Mo,C(202) planes,
respectively, which are consistent with the indexed selected
area electron diffraction (SAED) patterns shown in Figure 1h
and Figure S5 (Supporting Information). As demonstrated by
energy dispersive X-ray spectroscopy (EDXS) maps shown in
Figure 1i, there is a uniform dispersion of S throughout the
porous carbon nanotube structure.

The X-ray powder diffraction (XRD) patterns of the PCNT,
MoC/Mo,C@PCNT, and MoC/Mo,C@PCNT-S samples
are shown in Figure 2a. The diffraction profile of MoC/
Mo,C@PCNT shows that the hexagonal MoC (JCPDF no.
45-1015) is the dominant phase within Mo-containing spe-
cies. The strong peaks at 32.1°, 35.7°, 48.7°, 64.2° are indexed
to the corresponding (001), (100), (101), and (110) reflections,
respectively. In addition, the relatively weak peak at 39.4° cor-
responds to the primary (121) reflection of the orthorhombic
Mo,C (JCPDF no. 31-0871). As per X-ray photoelectron spec-
troscopy (XPS) analysis shown later in the paper, in the MoC/
Mo,C@PCNT composite, the molar ratio of MoC to Mo,C is
6.25. According to Figure S6 (Supporting Information), the total
weight fraction of molybdenum carbides is 14.7 wt%, this result
being calculated from TGA test performed in air. Following
the sulfur loading process, MoC/Mo,C@PCNT-S composite
does not display crystalline Bragg peaks of S. This is in agree-
ment with it being encapsulated in the nanopores of carbon
and hence amorphous. The structure was further analyzed by
Raman spectroscopy, as shown in Figure S7 (Supporting Infor-
mation). The disorder-induced D band at =1350 cm™ and gra-
phitic G band at =1580 cm™ are present in all samples. MoC/
Mo,C@PCNT shows an incrementally higher intensity ratio
of G peak to D peak versus the baseline PCNT (Ig/Ip = 1.0 vs

© 2022 Wiley-VCH GmbH
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Figure 1. Microstructural characterization of PCNT, MoC/Mo,C@PCNT, and MoC/Mo,C@PCNT/S specimens. a,b) HRTEM images of PCNT.
c—g) HRTEM images of MoC/Mo,C@PCNT. h) Indexed SAED of MoC/Mo,C@PCNT. i) HAADF-STEM image and associated EDXS elemental maps

of MoC/Mo,C@PCNT-S, showing C, N, Mo, and S.

0.9). The catalytic formation of the graphene layers around
molybdenum carbide nanoparticles may be responsible for this
effect.?’]

Figure S8 (Supporting Information) displays the indexed
XRD patterns of the PCNTs with different loadings of moly-
bdenum. These samples are termed as L-Mo@PCNT and
H-Mo@PCNT and were fabricated by changing the ini-
tial Na,MoO,-2H,0 to pyrrole molar ratios to 1:48 and 1:4,
respectively. Within H-Mo@PCNT, the hexagonal MoC
likewise dominates with a comparatively lower amount of
orthorhombic Mo,C. As per Figure S9 (Supporting Informa-
tion), in H-Mo@PCNT, the estimated molar ratio of MoC to
Mo,C is 5. There are no discernable MoC/Mo,C Bragg peaks
in L-Mo@PCNT, indicating that if present, these phases are
amorphous or highly nanocrystalline. According to the TGA in
air results shown in Figure S6 (Supporting Information), the
weight percentage of Mo-containing phases in L-Mo@PCNT
and H-Mo@PCNT is 4.5 and 33.2 wt%, respectively.

Nitrogen adsorption/desorption isotherms were employed
for a detailed investigation of the textural properties of MoC/
Mo,C@PCNT-S and MoC/Mo,C@PCNT, as well as of the
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PCNT, L-Mo@PCNT, and H-Mo@PCNT. Analyses performed
include the calculation of the Brunauer—-Emmett—Teller (BET)
surface area, as well as of the calculation of the pore size dis-
tribution (PSD) based on nonlocal density functional theory
(NLDFT) principles. These results are shown in Figure 2b,c as
well as in Figure S10 (Supporting Information). The BET spe-
cific surface area (Spgr), micropore volume (Vi;), mesopore
volume (Vy,e), and total pore volume (Vi) are summarized
in Table S1 (Supporting Information). The PCNT specimen
has a surface area of 1681.0 m? g™ and a total pore volume
of 0.848 cm? gt. The MoC/Mo,C@PCNT specimen displays
a surface area of 1249.4 m? g™' and a total pore volume of
0.645 cm® g7l Those values are 1375.6 m? g7'/0.693 cm?® g™
and 1198.1 m? g1/0.616 cm?® g! for L-Mo@PCNT and
H-Mo@PCNT, respectively.

The high surface areas and large pore volumes of these
sulfur hosts result from the known role of ZnCl, as an effective
chemical activation agent. The incorporation of molybdenum
carbides reduces the specific surface area and the porosity,
while having less impact on the pore size distribution. As per
Figure 2b and Figure S10 (Supporting Information), the type IV

© 2022 Wiley-VCH GmbH
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Figure 2. a) Indexed XRD patterns of the prepared PCNT, MoC/Mo,C@PCNT, and MoC/Mo,C@PCNT-S. b) Nitrogen adsorption—desorption iso-
therms and c) NLDFT-derived pore size distributions of MoC/Mo,C@PCNT-S and MoC/Mo,C@PCNT. d—f) High-resolution XPS spectra showing Mo
3d, C s, and S 2p peaks for the MoC/Mo,C@PCNT-S composite. The survey spectra and other high-resolution spectra are shown in the Supporting

Information.

isotherm along with H4 hysteresis loop at P/P, = 0.5-1.0 for
MoC/Mo,C@PCNT and other control samples is a typical char-
acteristic of ordered mesoporous materials. All samples show a
dramatic increase of N, adsorption at P/P, < 0.01, indicating the
presence of micropores. These hosts differ slightly in terms of
the Vinic/ Vines ratio, being 3.96 for PCNT, 4.02 for L-Mo@PCNT,
3.60 for MoC/Mo,C@PCNT, and 3.85 for H-Mo@PCNT.
Figure 2c¢ shows the PSDs for MoC/Mo,C@PCNT before and
after sulfur impregnation, simulated by NLDFT. The sulfur
host possesses an average micropore diameter of 1.2 nm and
an average mesopore diameter of 4.0 nm. After 50 wt% of S
impregnation into the pore cavities, there is minimal porosity
available for N, adsorption (0.045 cm? g7!), and with a concomi-
tant drop in the surface area to 10.714 m? gL,

The textural (porosity) properties of the sulfur host can closely
determine the reaction pathway of the sulfur.3"! Micropores are
promising reservoirs for accommodating small S molecules
and retaining polysulfides.*” Experiments by Archer and co-
workers showed that when Sy is confined a carbon with a pore
size distribution ranging from 0.6 to 1.8 nm, only insoluble
short-chain polysulfide intermediates are formed.*¥! In hosts
that are mesoporous, high-order polysulfides (Na,Ssg) have
been reported as well. 3416172634 judging from the pore size
distribution in MoC/Mo,C@PCNT, it is reasonable to expect
that the MoC/Mo,C@PCNT-S cathode will undergo a quasi-
solid-state reaction with limited involvement of the high-order
polysulfide intermediates, agreeing with the overall position of
the voltage plateau that is observed experimentally. The preven-
tion of soluble polysulfide species during discharge/charge pro-
cesses is a key factor determining the cycling stability of Na-S.

Adv. Mater. 2022, 34, 2106572
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XPS was utilized to investigate the chemical states of the ele-
ments constituting MoC/Mo,C@PCNT-S. As per Figure S11
(Supporting Information), characteristic peaks corresponding
to S 2p, Mo 3d, C 1s, N 1s, O 1s are observed in XPS survey
spectrum. Figure 2d shows the fitted Mo 3d XPS spectrum
comprising multiple deconvoluted Mo doublets, and an addi-
tional peak assigned to S (2s, 2270 eV). Two peak doublets
located at 228.3, 231.6 and 229.0, 232.3 eV are ascribed to
Mo?" and Mo*", respectively.?>3%] Previous studies have shown
that Mo?** is dominant in MoC, whereas Mo?" is intense in
Mo,C.B¢ The areas of deconvoluted Mo*" and Mo?* peaks are
capable of providing the molar ratio of MoC to Mo,C, the value
being calculated to be 6.25. Mo*" (230.1, 233.4 eV) and Mo®
(232.9, 236.2 eV) may originate from the inevitable surface oxi-
dation of molybdenum carbides through air contact. In the C 1s
spectrum (Figure 2e), five peaks are present, corresponding to
C—Mo (283.9 €V), C—C/C=C (284.6 eV), C—N/C=N (285.5 eV),
C—0 (286.8 eV), and O—C=0 (288.4 eV), respectively. The N
1s XPS spectrum (Figure S11b, Supporting Information) can
be deconvoluted into four peaks at 395.0, 398.1, 400.5, and
401.6 eV, which correspond to Mo 3p, pyridinic nitrogen (N-6),
pyrrolic nitrogen (N-5), and quaternary nitrogen (N-Q). In
S 2p spectrum (Figure 2g), two dominant peaks at 163.4 and
164.2 eV are ascribed to the spin—orbit coupling of elemental
S, and the broad peak at 168.7 eV is associated with oxidized-S
groups (C—SO, groups). The XPS results are in overall agree-
ment with the TEM and XRD data.

The electrochemical performances of MoC/Mo,C@PCNT-S
and baseline PCNT-S cathodes were investigated in the voltage
window of 0.8-2.8 V. An electrolyte solution of 1 m NaClO,

© 2022 Wiley-VCH GmbH
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Figure 3. a) CV profiles of MoC/Mo,C@PCNT-S and baseline PCNT-S electrodes, scanned between 0.8 and 2.8 V at 0.05 mV s7\. b) The first, and
the second galvanostatic discharge/charge profiles of MoC/Mo,C@PCNT-S and baseline PCNT-S electrodes at 0.5 A g™'. c) Rate performances of
MoC/Mo,C@PCNT-S and baseline PCNT-S. d) Percent capacity retention for 1, 1.5, 2, 3, 5 A g™ for MoC/Mo,C@PCNT-S and PCNT-S, relative to
their respective capacity at 0.5 A g™'. e) Comparison of the specific capacity versus current density for MoC/Mo,C@PCNT-S versus reported Na-S
cathodes from the literature. f) Cyclability of MoC/Mo,C@PCNT-S and PCNT-S at 1.5 A g™ (initially activated at 0.5 A g™). g) Cyclability of MoC/
Mo,C@PCNT-S at 0.3 A g~' with different mass loadings. h) Cyclability of MoC/Mo,C@PCNT-Sy, at 0.3 A g™ with high mass loading of 12.7 mg cm2.

in 1:1 (volume ratio) ethylene carbonate/diethyl carbonate
(DEC) with 5 wt% FEC was employed. An areal mass loading
of 2.0 mg cm™ was employed, corresponding to a theoretical
capacity of 1.17 mAh cm™ (based on mass of S). Figure 3a com-
pares the first two cyclic voltammogram (CV) curves of MoC/
Mo,C@PCNT-S and PCNT-S at a scan rate of 0.05 mV s\
The barely discernable reduction peak centered around 2.2 V
during the initial cathodic scan can be ascribed to the irrevers-
ible reduction of unencapsulated Sg to long-chain sodium poly-
sulfides Na,S, (4 < x < 8), which subsequently suffer from either
dissolution or parasitic reaction with carbonate solvent.*d For
both materials, this peak’s overall intensity is minimal, indi-
cating that the vast majority of the S is incorporated into the
carbon pores rather than being left in its free state. The fol-
lowing sharp peak (at 1.15 V for MoC/Mo,C@PCNT-S and at
0.95 V for PCNT-S), corresponds to the formation of the solid
electrolyte interphase (SEI) layer as well as Na,S, and Na,S
compounds.’”} This combination is termed electrochemical
activation. It is highly probable that the observed several layer
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dilated graphene sheath around the carbides is exfoliated and
broken apart by the sodium ions during the activation process
as well. This would allow the particles to be electrocatalytically
active during cycling.

The fact that this reduction peak occurs at a higher voltage
for MoC/Mo,C@PCNT-S is indicative of the catalytic nature
of the MoC/Mo,C phases, not only for the reversible reduction
of S but also for irreversible SEI formation. The shape of the
CV profiles for both electrodes agree with prior reports for a
quasi-solid-state mechanism that includes the formation of
a protective SEI layer.28¢3238] The SEI complements the role
of micropores and mesopores in preventing direct contact of
the electrolyte solution with the soluble sodium polysulfides
intermediates.’?) After first scan, the cycle 1 cathodic peaks
disappear, while two new peaks appear over the following
cycles (Figure 3a and Figure S12 (Supporting Information)).
The first cathodic peak (termed as R1) is centered at 1.64 V
for MoC/Mo,C@PCNT-S and at 1.5 V for PCNT-S. It has
been reported to be due to formation of short-chain sodium
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polysulfides Na,S, (2 < x < 4).[8<323%] The second cathodic peak
(termed as R2) centers at 1.22 V for MoC/Mo,C@PCNT-S and
at 1.08 V for PCNT-S. It is associated with the transformation
of Na,S,, to Na,S.333%l Given nearly identical S mass loading
in both electrodes, the markedly higher total current with
MoC/Mo,C@PCNT-S signals greater S utilization, an effect
that is directly attributable to the presence of the MoC/Mo,C
electrocatalyst.

Figure 3b shows cycle 1 and cycle 2 galvanostatic profiles for
MoC/Mo,C@PCNT-S and PCNT-S, both tested at 0.5 A g™.
The differences in the positions (all sloping) of the 1st cycle
cathodic plateau and in the 2nd cycle reversible cathodic and
anodic plateaus for MoC/Mo,C@PCNT-S versus PCNT-S are
consistent with what was observed for the CV profiles. The cor-
responding hysteresis (taken at the plateau voltage in half-way
point) gives a measure of the relative kinetic difficulty for the
redox processes for MoC/Mo,C@PCNT-S versus the baseline.
At cycle 2, the MoC/Mo,C@PCNT-S displays a hysteresis of
0.52 V, while PCNT-S has a hysteresis of 0.91 V. Figure S13
(Supporting Information) displays the galvanostatic curves for
both materials at higher current densities. It may be observed
that the hysteresis for MoC/Mo,C@PCNT-S is consistently
lower than for PCNT-S. At current densities of 1.0, 1.5, 2.0, 3.0,
5.0 A gL, the hysteresis for MoC/Mo,C@PCNT-S is 0.7, 0.81,
0.89, 1.08, 1.31 V. At the same current densities, these values for
PCNT-S are 0.98, 1.01, 1.07, 1.12, 1.33 V.

Figure 3c compares the reversible capacities of the two cath-
odes at various current densities ranging from 0.5 to 5.0 A gL
At0.5 A g1, the MoC/Mo,C@PCNT-S electrode shows a cycle 1
discharge capacity of 1675 mAh g and a corresponding charge
capacity of 1078 mAh g™.. This corresponds to a Coulombic
efficiency (CE) of 64.4%. By contrast, the PCNT-S electrode
delivers a lower cycle 1 CE value of 54.3%, with a reversible
capacity of only 475 mA h g~.. This indicates that PCNT-S likely
possesses more unconfined or weakly bound sulfur, that dis-
solves into electrolyte and thus becomes irreversible. As will
be shown by the DFT simulations, MoC/Mo,C provides strong
binding of the Na,S, (1 < x < 4) to its surface, which should in
turn promote improved utilization and higher initial CE. The
MoC/Mo,C@PCNT-S electrode shows the superior sulfur uti-
lization, achieving 1076, 987, 939, 903, 818, 621 mAh g at 0.5,
1.0, 1.5, 2.0, 3.0, 5.0 A g}, respectively. By contrast, PCNT-S
delivers 503, 447, 425, 394, 323, 222 mAh g! at these current
densities. After testing at high currents and reverting back
to 0.5 A g7, a reversible capacity of 977 mAh g is obtained
with MoC/Mo,C@PCNT-S. This demonstrates that the elec-
trode can endure high-rate testing without degrading its struc-
ture so as to negatively affect the lower rate redox kinetics.
The L-Mo@PCNT-S and H-Mo@PCNT-S cathodes were also
tested, as per Figure S14 (Supporting Information). It may be
observed that L-Mo@PCNT-S displays inferior rate perfor-
mance (e.g., 443 mAh g™ at 5.0 A g7!) and cycling stability as
compared to MoC/Mo,C@PCNT-S. This may be straight-
forwardly attributed to an inadequate electrocatalyst loading.
The H-Mo@PCNT-S specimen displays a comparable rate
capability to MoC/Mo,C@PCNT-S, achieving 623 mAh g at
5.0 A gl Its retained capacity after 250 cycles at 1.5 A gl is
lower than that for MoC/Mo,C@PCNT-S, being 686 versus
794 mAh g1 The inferior cycling stability may be attributed to
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the excessive mass loading of the carbides that may cause cata-
lyst agglomeration and/or block the fast diffusion of sodium in
and out of the microstructure.

The rate performance of MoC/Mo,C@PCNT-S and PCNT-S
baseline was further analyzed in relative terms, considering the
percent reduction of reversible capacity with increasing current
relative to the 0.5 A g~! value. For each material, two sets of cath-
odes were assembled and tested identically. The corresponding
electrochemical performances are shown in Figure S15 (Sup-
porting Information) and are analyzed in combination with the
data from Figure 3c. Figure 3d plots the two specimen-averaged
percentages for 1, 1.5, 2, 3, 5 A g! currents, with error bars
included. The results demonstrate that MoC/Mo,C@PCNT-S
not only retains a higher reversible capacity at each current,
but also a retains a higher fraction of the low current capacity.
For MoC/Mo,C@PCNT-S, the capacity retention is 95.8%,
90.9%, 86.9%, 79.3%, 64.2% of the 0.5 A g7 value at 1, 1.5, 2,
3, 5 A g! currents, respectively. For PCNT-S, these values are
87.8%, 81.5%, 74.5%, 59.2%, and 41.2% of the 0.5 A g~! value at
1, 15,2, 3,5 A g’ currents, respectively. Figure 3e and Table S2
(Supporting Information) present a rate capability comparison
of MoC/Mo,C@PCNT-S with state-of-the-art sulfur—carbon
cathodes from the published literature. It may be observed that
the rate capability of MoC/Mo,C@PCNT-S is among favorable.
To exclude capacity contribution from the S host, the MoC/
Mo,C@PCNT and PCNT electrodes were also tested against
Na between 0.8 and 2.8 V. As shown in Figure S16 (Supporting
Information), the sulfur-free hosts show negligible reversible
capacities.

The MoC/Mo,C@PCNT-S electrode was then tested for pro-
longed cycling lifetime, the results being shown in Figure 3f.
After the initial SEI formation and other activation processes,
MoC/Mo,C@PCNT-S delivers a high reversible capacity
of 905 mAh g™ at 1.5 A g7, retaining 650 mA h g after
1000 cycles. This is equal to overall 72% capacity retention and
0.028% capacity decay per cycle. As per the comparison pre-
sented in Table S2 (Supporting Information), MoC/Mo,C@
PCNT-S shows highly promising extended cycling lifetime and
retained capacity. The corresponding galvanostatic discharge/
charge profiles are consistently stable throughout the dura-
tion of cycling, as shown in Figure S17 (Supporting Informa-
tion). By contrast, PCNT-S retains only 230 mAh g! after 1000
cycles, corresponding to a capacity retention of 55%. The faster
capacity decay for PCNT-S is due to a combination of Na,S,
dissolution and low utilization efficiency.

Polysulfide crossover is known to be more pronounced when
testing at lower current densities since there is more time for
liquid-phase diffusion at every cycle.%l According to Figure 3g
and Figure S18a (Supporting Information), at 0.3 A g7, the
MoC/Mo,C@PCNT-S cathode achieves a reversible capacity
of 888 mA h g after the 250 cycles, corresponding to a
capacity retention of 77%. Such promising cycling stability at
low current is a good indicator for the capability of the MoC/
Mo,C@PCNT-S architecture in preventing polysulfide dis-
solution and crossover, the fundamental origins for this effect
being examined by DFT later in the paper. To further probe
polysulfide dissolution, postmortem analysis was performed
on the separator, the sulfur cathode, and Na-metal anode after
cycling at different conditions. A cell with PCNT-S baseline
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cathode was cycled for 25 cycles at 0.3 A g, A cell with MoC/
Mo,C@PCNT-S cathode was cycled for 25 cycles at 0.3 A gL
Another cell with MoC/Mo,C@PCNT-S cathode was cycled for
100 cycles at 1.5 A gL Figure S19 (Supporting Information) dis-
plays the postmortem analysis on the separator and the anode
cycled under these conditions. Figure S19a,d,g (Supporting
Information) displays a photograph of the extracted separator,
the SEM image of Na anode, and the corresponding elemental
map of sulfur obtained from the Na-S cell with PCNT-S
cathode after 25 cycles at 0.3 A g™'. Figure S19b,e,h (Supporting
Information) shows these results for the MoC/Mo,C@PCNT-S
cell after 25 cycles at 0.3 A g!, while Figure S19¢,f,i (Supporting
Information) displays the results for 100 cycles at 1.5 A g™%. The
separator extracted from PCNT-S cell is yellow in color on both
of its sides, which is an established indicator for having poly-
sulfides dissolved into the electrolyte. The corresponding cycled
Na-metal electrode is covered by S species, as per the strong S
EDXS signal originating from its surface. By contrast, the sepa-
rator employed with MoC/Mo,C@PCNT-S is not yellow, while
the S signal from the associated Na anode is much less intense.
This further points to the ability of the MoC/Mo,C to suppress
polysulfide dissolution.

Figure S20 (Supporting Information) displays TEM and
HRTEM images of the MoC/Mo,C@PCNT-S after 25 cycles
at 0.3 A gl Figure S21 (Supporting Information) displays
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images and EDXS maps of the
MoC/Mo,C@PCNT-S after 25 cycles at 0.3 A g™l. Figure S22
(Supporting Information) shows TEM and HRTEM images and
indexed SAED of the MoC/Mo,C@PCNT-S composite after
100 cycles at 1.5 A g™l. Figure S23 (Supporting Information)
gives the HAADF-STEM images and EDXS maps of the MoC/
Mo,C@PCNT-S composite after 100 cycles at 1.5 A g™'. It may
be observed that the structure and the overall morphology of
MoC/Mo,C nanoparticles in the carbon matrix are preserved
throughout cycling. There is little evidence of kinetics-decay
inducing changes such as pulverization, agglomeration, or cov-
erage by insulating “free” Na,S or S. Since the discharge voltage
is below 1.5 V versus Na/Na*, the electrode surface is covered
by a uniform SEI layer. It is mainly composed of O, and F-con-
taining species, as indicated by the EDXS maps in Figures S21
and S23 (Supporting Information).

The electrochemical performance of MoC/Mo,C@PCNT-S
and PCNT-S was also evaluated at 50 °C. The results are
shown in Figure S24 (Supporting Information). At elevated
temperatures, the sulfur redox kinetics can be improved due
to a number for electrolyte- and electrode-related factors.!*!
However, higher temperature also accelerates polysulfide disso-
lution into the electrolyte.***2l As shown in Figure S24d (Sup-
porting Information), PCNT-S displays an initial discharge
capacity of 722 mAh g at 0.3 A g!, with the plateau at 2.1V
being associated with long-chain polysulfide formation. There
is negligible reversible capacity afterward, likely because the
active sulfur is now dissolved into electrolyte.?l By contrast,
MoC/Mo,C@PCNT-S delivers an initial discharge capacity
of 1847 mAh g at 0.3 A g'!, and a corresponding charge
capacity of 967 mAh gl. After 200 cycles at 1.5 A g7, a revers-
ible capacity of 401 mAh g™ is still obtained as per Figure S24a
(Supporting Information). The comparison of electrochemical
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performance at 50 °C further demonstrates that the dissolution
of polysulfides is inhibited by MoC/Mo,C.

High mass loading cathodes were tested to ascertain the
utility of the MoC/Mo,C@PCNT-S for near commercial
applications. As per Figure 3g, the electrode with a loading of
5.7 mg cm™? (equal to 2.0 mg S cm™?) displays an initial dis-
charge capacity of 1570 mAh g and an initial charge capacity
of 1028 mAh g! at 0.3 A g}, corresponding to an initial CE
of 65.4%. This is equal to a reversible areal capacity as high
as 2.1 mAh cm™, and after 250 cycles, a high capacity of
1.32 mAh cm™ (660 mAh g™) is still retained. The corre-
sponding galvanostatic discharge/charge profiles are shown in
Figure S18b (Supporting Information), being stable and well-
defined throughout the duration of cycling. The cell with higher
cathode loading up to 13.0 mg cm™ (equal to 4.6 mg S cm™) can
still give a reversible capacity of 754 mAh g (3.5 mAh cm™)
at the same rate, and stably run for 80 cycles. The MoC/Mo,C@
PCNT-S cathode with a high mass loading of 4.2 mg cm™
also underwent long cycling at 1.5 A gl Those cycling
results are shown in Figure S25 (Supporting Information).
After activation, the cell delivers a reversible capacity as
high as 804 mAh g7, corresponding to an areal capacity of
1.2 mAh cm™. This further substantiates the superior sulfur
redox kinetics and the robustness of the MoC/Mo,C@PCNT-S
composite. It is especially the case considering that this fast
charge/discharge rate is associated with the same drastic
volume change of 170 vol% due to the S to Na,S transformation.
At such harsh conditions, the cell displays a quite low capacity
decay rate of 0.045% per cycle over 1000 cycles. As per Table S2
(Supporting Information), these values are above most previ-
ously reported areal capacities, which are below 0.8 mAh cm™2.

The MoC/Mo,C@PCNT-Sy; with higher S mass loading of
64.0 wt% was prepared. The S loading was confirmed by TGA
analysis, shown in Figure S26a (Supporting Information). Such
high loading is beyond the maximum theoretical S loading
of 572 wi%, as calculated from the pore volume of the host.
Accordingly, the XRD pattern of MoC/Mo,C@PCNT-Sy;; shows
the characteristic peaks corresponding to crystalline S. Those
results are shown in Figure S26b (Supporting Information) and
indicate that some of the impregnated S remained outside the
nanopore confines. A quite high mass loading of 12.7 mg cm™
(5.7 mg S cm™2) was employed in the Na-S cell. This corre-
sponds to an electrolyte-to-sulfur (E/S) ratio of 13.4 uL mg™
and a negative/positive (N/P) areal capacity ratio of 3.5. As
shown in Figure 3h, following stepwise electrochemical activa-
tion (3 cycles at 0.05 A g! followed by 2 cycles at 0.2 A g7),
the cell was cycled at 0.3 A g A reversible capacity of
576 mAh g is obtained at cycle 10, and the cell stably runs for
around 100 cycles. After that, the capacity suddenly drops, while
the CE begins to fluctuate (Figure S27, Supporting Information).
It is known that a severely fluctuating CE and impedance rise
prior to cell failure is associated with unstable SEI and “dead
metal” on the Na anode.[?3*] Such failure mode is more severe
when the anode is deeply stripped/plated,*"! as is the case here
due to the active mass loading of the cathode. To illustrate this
point, the MoC/Mo,C@PCNT-Sy; cell was dissembled in a
glove box with the degraded Na anode being replaced with a
fresh foil. The point where the test was interrupted to do this
is marked in the figure. After anode replacement, the stability
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of MoC/Mo,C@PCNT-Sy; cell is improved, with the revers-
ible capacity recovering to 549 mAh g™ (3.13 mAh cm?). When
switching out the anode and reassembling the cell, the cathode
was not modified in any way. The recovery in the capacity is
then associated with renewed ability of the anode to match the
cathode’s capacity during the plating/stripping cycles.
Postmortem XPS characterization was employed to analyze
the electrodes at different electrochemical states. The electrode
was first run for 1 cycle at 0.3 A g! to accomplish SEI forma-
tion and sulfur activation, and then was discharged or charged
to different stages for XPS analysis. To avoid the oxidation-
related artifacts, the disassembling, solvent (DEC) rinse, and
transfer steps were carried out in an inert Ar atmosphere glove
box. Figure 4a shows the high-resolution S 2p XPS spectra of
the MoC/Mo,C@PCNT-S electrodes. At an intermediate sodia-
tion state at 1.4 V, the pristine peak doublets (163.4, 164.2 eV)
assigned to elemental S disappear. What is present instead are
two deconvoluted doublets at 161.2/162.4 and 159.4/160.6 eV,
representing Na,S, (2 < x < 4) and Na,S, respectively.?283344]

www.advmat.de

The absence of the specific peaks corresponding to long-
chain sodium polysulfides (should be at 164.0 eV), indicates
that sulfur is directly transformed to short-chain polysulfides
(NazS4).®! In the terminally sodiated state at 0.8 V, the peaks
associated with Na,S,, fade in relative intensity, while the Na,S
peak at 159.4/160.6 eV becomes prominent.**3 When desodi-
ated to an intermediate voltage of 1.9 V, the majority of S?~ and
S,>~ (2 < x < 4) species is oxidized back to elemental S. There
are no detectable long chain polysulfides in the spectra either.
In the fully charged state, the peaks assigned to elemental S
are dominant. The minor peaks at 160.7/161.9 eV indicate
some residual sulfide species due to a not fully complete oxi-
dation reaction. However, those peak intensities are quite low
relatively.

To further probe the quasi-solid-state conversion mechanism
with MoC/Mo,C@PCNT-S, in situ micro-Raman analysis was
conducted. Measurements were performed on a glass fiber
separator in a dedicated in situ Raman pouch cell assembled
at Oak Ridge National Laboratory (ORNL), using the same
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Figure 4. a) High-resolution S 2p XPS spectra of the MoC/Mo,C@ PCNT-S electrodes at different sodiation/desodiation states. Samples were activated
at 0.3 A g7' for 1 cycle and then ramped to designated voltage at the same current density. b) In situ time-resolved Raman image of the glass fiber
separator during the cycles 1 and 2, where MoC/Mo,C@PCNT-S was used as the cathode. The insetted pink curve is the corresponding Na-S voltage
profile. c) Selected Raman spectra of the glass fiber separator at different sodiation/desodiation states.
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Figure 5. Electroanalytical results comparing MoC/Mo,C@PCNT-S versus baseline PCNT-S. a) Enlarged cathodic sections of the cycle 2 CV curves,
with the derived Tafel plots (inset). b) Enlarged anodic sections of the cycle 2 CV curves, with the derived Tafel plots (inset). c¢) GITT curves of MoC/
Mo,C@PCNT-S and baseline PCNT-S electrodes at cycle 2. d) EIS Nyquist plots of MoC/Mo,C@PCNT-S versus PCNT-S electrodes after the initial
discharge/charge process. e) CV curves of the MoC/Mo,C@PCNT-S electrode at various scan rates. f) Reaction-controlled contribution comparison

at various scan rates.

electrolyte as the rest of the study. Whether the polysulfides
actively dissolve into the electrolyte is indicated by whether
their Raman signals are detected on the separator.*®l If sulfur
redox follows a conventional solid-liquid conversion reaction
route, some characteristic polysulfide peaks are at 149, 219,
and 477 cm™ for Sg27, 202 and 445 cm™ for S,%, 535 cm™! for
S5 .12446:#] Figure 4b exhibits the contour plot of Raman spectra
recorded from the separator, along with a corresponding gal-
vanostatic profile overlay. Selected Raman spectra at different
electrochemical states are shown in Figure 4c. It may be
observed that during two cycles of charging and discharging,
no peaks appear at the above wavelengths, indicating minimal
polysulfides at the separator. Complementary analysis of the
electrolyte was performed using a dedicated optically trans-
parent glass cell. Figure S28 (Supporting Information) shows
photographs of the optically transparent Na—S cells with the
MoC/Mo,C@PCNT-S electrode, at initial state and cycled for 1,
6, and 24 h at 0.15 A g%, No obvious color change was observed
even after 24 h of continuous discharging/charging. Taken
together, those observations demonstrate that sulfur dissolution
in the studied ester-based electrolyte system is negligible. The
robust F-containing cathode-electrolyte interphase that forms
on the cathode during the initial discharging also favors such
quasi-solid-state reaction pathway, forming a Na-ion-soluble but
polysulfide insoluble sheath around the cathode.
Electroanalytical studies were performed to further under-
stand the role of MoC/Mo,C catalyst in the sulfur redox
kinetics. Figure S29 (Supporting Information) shows the
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enlarged cathodic sections of CV curves (0.05 mV s™) at cycle
1. The MoC/Mo,C@PCNT-S presents a more positive onset
potential for the Na,S/Na,S,/SEI formation as compared to
PCNT-S electrode. Accordingly, it displays a lower Tafel slope,
being at 374 versus 520 mV dec!. Figure 5a,b compares the
sulfur kinetics at cycle 2, where the earlier onset potentials
are likewise obtained with MoC/Mo,C@PCNT-S. As per
Figure 5a, MoC/Mo,C@PCNT-S displayed a lower Tafel slope
for the sulfur reduction process to Na,S4,, being at 169 versus
323 mV dec!. As shown in Figure 5b, the corresponding Tafel
slope for Na,S/Na,S, oxidation process is also lower with MoC/
Mo,C@PCNT-S, being at 348 versus 450 mV dec ™. The signifi-
cant reduction in Tafel slopes has been directly correlated with
effective electrocatalysis for S redox reactions. !

Galvanostatic intermittent titration technique (GITT) was
carried out on MoC/Mo,C@PCNT-S and PCNT-S electrodes,
with 0.5 h current pulse of 83.8 mA g! (0.05C) followed by 4 h
relaxation. Figure S30 (Supporting Information) shows the
potential response profiles of the two electrodes during the ini-
tial discharge process, in which the dashed lines represent the
equilibrium open-circuit voltages. The MoC/Mo,C@PCNT-S
electrode shows lower overpotentials than PCNT-S, indicative
of more facile reaction kinetics.*] The plots for the following
desodiation and sodiation processes are displayed in Figure 5c,
likewise validating the kinetically favorable sulfur redox in
MoC/Mo,C@PCNT-S. The chemical diffusion coefficients
of Na* are calculated and shown in Figure S31 (Supporting
Information). Overall, the diffusion coefficient values are on
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par for MoC/Mo,C@PCNT-S and PCNT-S electrodes, both in
the range of 107 to 107! cm? s7L. This result indicates that the
kinetics enhancement is not associated with a solid-state diffu-
sivity effect.

The electrochemical impedance spectroscopy (EIS) Nyquist
plots of two electrodes were analyzed at cycle 1 and after
100 cycles, in the frequency range from 1 MHz to 10 mHz with
an amplitude of 10 mV. Those results are plotted in Figure 5d
and Figure S32 (Supporting Information). In EIS Nyquist plots,
the intercept on the Z*axis in high-frequency region is the
Ohmic resistance (Ropm), associated with combined resistances
of the electrode assembly and of the electrolyte. The half-circle
represents a combination of SEI resistance (Rgg;) and charge-
transfer resistance (Ry), the Rgp; being at higher frequency.”
It is not unusual for the two resistances to overlap sufficiently
that they cannot be mathematically deconvolved, as is the
case here. Herein, we term the resistance R, with the implicit
recognition that Rgg is included as well. The 45° line in low-
frequency region represents the Warburg impedance (Z,) and
is related to solid-state diffusion of Na* in the electrode mate-
rials.>!l After the first sodiation—desodiation cycle, Rgyy, for
MoC/Mo,C@PCNT-S is 9.8 Q, and it is 10.5 Q for PCNT-S.
By cycle 100, these values increase slightly to 11.7 and 12.0 Q,
respectively. The more significant difference lies in the Ry
values. At cycle 1, the MoC/Mo,C@PCNT-S electrode displays
a lower R, value than PCNT-S, 51 versus 120 Q. These results
are shown in Figure 5d.

The exchange current density iy for sulfur redox is calcu-
lated based on the Butler—Volmer equation iy = RT/nFAR,
where R is the gas constant, T is the absolute temperature, n
is the number of transferred electrons, F is the Faraday con-
stant, and A is the surface area.’?l The exchange current den-
sity is calculated to be 0.3 mA cm~? for MoC/Mo,C@PCNT-S
and 0.13 mA cm™ for PCNT-S. As per Figure S32 (Supporting
Information), the MoC/Mo,C@PCNT-S still retains a lower
R, value after 100 cycles at 0.5 A g}, being 114 versus 186 Q.
This is equal to iy of 0.14 and 0.08 mA cm™? for the MoC/
Mo,C@PCNT-S and the PCNT-S, respectively. The lower
charge-transfer impedance of the MoC/Mo,C@PCNT-S con-
tributes to its fast reaction kinetics and enhanced rate capa-
bility. More facile redox kinetics also leads to improved cycling
stability since there is less unreacted S at every cycle.

Cyclic voltammetry curves at different scan rates were fur-
ther employed for the in-depth kinetic analyses. Figure 5e and
Figure S33 (Supporting Information) display the CVs of MoC/
Mo,C@PCNT-S and PCNT-S electrodes at increasing sweep
rates from 0.05 to 0.5 mV s7%. There is a noticeable shift as the
scan rate increases, which is indicative of polarization effects.
It is possible to quantitively analyze the reaction kinetics with
respect to the reaction-controlled capacity contribution to the
total reversible capacity, based on an established formula,
where (i) is the maximum current at a given scan rate (v): i(V) =
kv + k253 A square root time dependence corresponds to
a diffusion-controlled process, i.e., concentration polarization.
A linear time dependence corresponds to a reaction-controlled
process, i.e., activation polarization. This is often termed “sur-
face capacitive process” in the literature.® For high surface
area systems that do not form SEI, such as electrochemical
capacitors, the surface capacitive process is synonymous with
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non-Faradaic electric double-layer capacitor (EDLC) charge
storage. However, EDLC charge storage does not apply to either
MoC/Mo,C@PCNT-S or PCNT-S, considering their insuffi-
cient electroactive surface area and the SEI. Rather, a linear time
dependence indicates a number of surface or bulk reaction-
controlled processes that occur during S reduction/oxidation.
By plotting i/v"/? versus v/? at a fixed potential, the parameters
k; and k, can be determined, with Figure 5f showing the
results. For the MoC/Mo,C@PCNT-S electrode, the calculated
reaction-controlled contribution is as high as 80% even at a low
scan rate of 0.05 mV s™.. The reaction-controlled contribution
can further increase to 84% at 0.1 mV s7, 87% at 0.2 mV s7},
90% at 0.3 mV s7}, 91% at 0.4 mV s7,, and 93% at 0.5 mV s7..
By contrast, the PCNT-S electrode displays overall lower reac-
tion-controlled contribution, which is in the range of 55-81%
at the same scan rates. These results are consistent with MoC/
Mo,C@PCNT-S displaying superior rate kinetics during the
high current testing.

DFT has been previously employed to calculate the binding
energies of different sodium polysulfide molecules on polar and
nonpolar hosts to understand electrocatalytic effects.®>> Here,
DFT calculations are made for the formation energy of different
short-chain sodium polysulfides (Na,S,, 1 < x <4) on MoC and
MoC, host structures, and on the baseline PCNT. These values
are employed to elucidate the stability of different Na,S, species
in solid phase or with the implicit solvation model. In order to
model the formation energy of sodium polysulfides on MoC/
Mo,C structures, surface energies were calculated for all pos-
sible surfaces with Miller index less than or equal to 3 for bulk
Mo,C and MoC. Mo,C is an orthorhombic structure crystal-
lizing in Phcn space group, while MoC is a hexagonal structure
in the P6m2 space group. The orthorhombic phase of Mo,C
and the hexagonal phase of MoC were considered because
these two phases were found to exist in the experimental XRD
results. Table S3 (Supporting Information) shows the calculated
surface energies of MoC and Mo,C; the lowest energy (101)
surface was selected for binding energy studies on MoC and
Mo,C. For comparison, the graphene surface was also investi-
gated as an approximation to the baseline carbon host. As per
Egom = Euabonass, — Evab —%xENals —(1—l)><Es, the formation energy for

x
Na,S,, (1 £ x < 4) is taken as the enthalpy change when solid S
and Na,S phases are converted to the Na,S, molecules bound
to a slab of the cathode host.* The formation energy of Na,S,,
(1< x <4 in the “liquid” and “solid” state was also calculated,
both in the absence of solid host substrates. The “liquid” phase
refers to the formation energy of free polysulfide molecules
inside a box modeled with the implicit solvent. The formation
energies of “solid” phases were calculated for Na,S,, Na,$S,, and

. 1 1
Na,S via Eemm = Eas, — — X Exas —(1——)>< E..
X X

As per Figure 6a, the formation energy of Na,S, (1 < x < 4)
on MoC/Mo,C is significantly lowered as compared to value on
graphene, which supports the experimental observation that
MoC/Mo,C@PCNT-S displayed faster sulfur redox kinetics
than PCNT-S. The difference in the formation energy between
the bound Na,S, (1< x <4) on MoC/Mo,C and the liquid state
increases as x decreases. A strong binding of Na,S, (1< x < 4)
on MoC/Mo,C surfaces results from a favorable charge transfer
between the sulfur and Mo sites on the surface of carbides, as

© 2022 Wiley-VCH GmbH
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Figure 6. a) DFT calculated formation energy of Na,S, phases per mol of S. The energy of “solid” Na,S, structures are shown in blue using solid Na,S
(x=1) and Sg (left point) as the reference. The energy of bound molecular Na,S, to Mo,C(101) surface in shown in blue, MoC(101) in purple, graphene
in orange, and the free “liquid” state (black). b) UV-vis spectra of the Na,S, blank solution, and the solutions after 1 h exposure to PCNT and MoC/
Mo,C@PCNT. ¢,d) Lowest energy configuration of Na,S, (1< x <4) on (c) MoC(101) and (d) graphene surface using implicit solvation. Color scheme:

carbon (brown), sodium (pink), sulfur (yellow), molybdenum (purple).

shown in Figure 6¢ and Figures S34 and S35 (Supporting Infor-
mation). Within the binding configuration, electronic charge
is transferred from Mo sites to sulfur. Table S4 (Supporting
Information) shows the calculated Bader electronic charges
on Mo sites in MoC/Mo,C.P%) Among the two carbides, Mo,C
binds the Na,S, (1 < x < 4) stronger to the corresponding sur-
face as compared to MoC (Figure 6a), since Mo sites in Mo,C
exhibit a greater charge transfer to the sulfur sites. There is no
binding formed between Na,S, and graphene, as revealed by
Figure 6d. Moreover, the difference in the formation energy
(=3 eV) of (poly)sulfides between the solid phase and MoC/
Mo,C would further suggest a large overpotential to form the
solid crystalline phase from molecular phase. Beyond the ther-
modynamic constraints, the large surface area of the host itself
determines the highly dispersed molecular state of either sulfur
or Na,S, (1< x <4), which is in agreement with the XRD result
of discharged products where negligible Na,S/Na,S, solid
phases can be detected (Figure S36, Supporting Information).
The Na,S, adsorption test was further conducted to dem-
onstrate the strong affinity of MoC/Mo,C for Na,S,. Figure 6b
shows the UV-vis absorption spectra of Na,S, blank solu-
tion, and the solutions after 1 h exposure to PCNT and MoC/
Mo,C@PCNT. The original absorption peaks of the Na,S,
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solution at 300 and 450 nm obviously decline after exposure to
MoC/Mo,C@PCNT, while PCNT baseline shows little Na,S,
adsorption. This is in accordance with the DFT simulation
results. As Na,S, and Na,S on MoC/Mo,C display lower ener-
gies than the configuration of Na,S, on MoC/Mo,C, the two
carbides can further catalyze the conversion of Na,S, to Na,S,
and Na,S.

3. Conclusions

Room-temperature sodium-metal-sulfur batteries are hindered
by the slow reaction kinetics of sulfur and the uncontrolled
dissolution of polysulfide species. Here, a novel molybdenum
carbide (MoC/Mo,C) electrocatalyst is first applied to promote
Na-S reaction kinetics and anchor sulfur species. A facile
single step achieves the combined catalyst-formation-host-acti-
vation process, leading to a composite host of the MoC/Mo,C in
situ grown on nanoporous nitrogen-doped carbon nanotubes.
Sulfur impregnation at 50% mass loading results in unique
triphasic architecture, termed “MoC/Mo,C@PCNT-S.” The
synergetic MoC/Mo,C electrocatalyst and carbon nanoporosity
allow for the facile and efficient sulfur utilization following a
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quasi-solid-phase transformation process, therefore contrib-
uting to the state-of-the-art electrochemical performance in
carbonate electrolyte. For example, the MoC/Mo,C@PCNT-S
electrode delivers promising rate capabilities of 987 mAh g™! at
1A g, 818 mAh glat3 A g, and 621 mAh glat5 A gL
The superior cycling stability is also obtained for the MoC/
Mo,C@PCNT-S electrode, even with high mass loading up to
13.0 mg cm™2. The promotion in sulfur redox kinetics by MoC/
Mo,C loading is further reflected by the decreases in reaction
polarization, Tafel slope value, and charge-transfer resistance
of Na-S cells. Complementary DFT simulation provides funda-
mental insight regarding the electrocatalytic role of MoC/Mo,C
nanoparticles. Ascribed to the charge transfer between the
sulfur and Mo sites on the surface of carbides, the formation
energy of Na,S, (1< x <4) on MoC/Mo,C is greatly lowered as
compared to the case of baseline ordered carbon.
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Supporting Information is available from the Wiley Online Library or
from the author.
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