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Abstract: In situ evolution of electrocatalysts is of paramount
importance in defining catalytic reactions. Catalysts for aprotic
electrochemistry such as lithium–sulfur (Li-S) batteries are the
cornerstone to enhance intrinsically sluggish reaction kinetics
but the true active phases are often controversial. Herein, we
reveal the electrochemical phase evolution of metal-based pre-
catalysts (Co4N) in working Li-S batteries that renders highly
active electrocatalysts (CoSx). Electrochemical cycling induces
the transformation from single-crystalline Co4N to polycrys-
talline CoSx that are rich in active sites. This transformation
propels all-phase polysulfide-involving reactions. Consequent-
ly, Co4N enables stable operation of high-rate (10 C,
16.7 mAcm@2) and electrolyte-starved (4.7 mL mgS

@1) Li-S
batteries. The general concept of electrochemically induced
sulfurization is verified by thermodynamic energetics for most
of low-valence metal compounds.

Introduction

Phase and structural evolution of a working catalyst play
an essential role in governing the catalytic activity and
reaction kinetics.[1, 2] For instance, dissolved cobalt phosphate
was transformed under oxidizing potential into a solid catalyst
for water oxidation.[3] Transition-metal chalcogenides and
pnictides are also known as water oxidation pre-catalysts with
a surface oxidized layer as the true active phase.[4–6] Never-
theless, the understanding of in situ catalyst evolution is
currently limited to reactions occurring at solid/gas interfa-
ces[2] or in protic (aqueous) conditions,[3–5] leaving aprotic
reactions as an empty field. The aprotic electrochemical
reactions is the cornerstone of alkali metal (Li/Na/K)-

chalcogen (S/O2) batteries with overwhelming advantages in
energy density.[7, 8] These batteries unfortunately suffer from
multi-electron transferring that normally induces reaction
complexity and sluggish kinetics in a working device.[9]

Introducing mobile or solid catalysts have recently
validated to resolve the above issues.[10–12] However, it is
unclear at the moment how these catalysts evolve in an
aprotic environment and how such evolution defines the
catalytic behaviors. The role of large-radius alkali metal
cations (vs. hydronium) and intermediates/reactants beyond
H2O/OH@ (for example, lithium polysulfides in Li-S batteries)
present in the aprotic environment needs to be unveiled to
understand the electrochemical phase evolution of an electro-
catalyst and identify the true active catalytic phases/sites. This
understanding should be a prerequisite for rational design of
new catalysts and better batteries.

Herein, we report the electrochemical phase evolution of
metal-based pre-catalysts in working Li-S batteries, rendering
mosaic-like, bulk-sulfurized catalysts that are highly adaptive
to the polysulfide-rich aprotic environment and highly active
for propelling the kinetics of all-phase polysulfide-involving
reactions at high current rates (Figure 1 A). Co4N serves as an
exemplified pre-catalyst.[13] High-resolution transmission
electron microscopy (HRTEM) observation unveils the
mosaicking of 30–50 nm pristine Co4N particles into phase-
bounded 2–10 nm particles after electrochemical cycling. The
resultant mosaic-like catalysts not only consist of pristine
Co4N phase but also various sulfurized phases of CoSx (9/8<
x< 2) that are catalytically active.[14] As evidenced by micro-
scopic and spectroscopic observations, the in situ mosaicking
process proceeds through etching of low-valence metal atoms
by polysulfides. This etching mechanism is found to be
universal for most of transition metals according to theoret-
ical calculations. With significantly increased number of
active interfaces and CoSx phases, electrochemically cycled
Co4N possesses more superior catalytic activities for catalyz-
ing polysulfide conversion than pristine Co4N (by 7.6–58%
regarding the critical kinetics parameters). High-rate and
electrolyte-starved Li-S batteries are thus enabled owing to
the capability of Co4N evolved in situ to reduce the cell
polarization significantly (by up to 55%).

Results and Discussion

Monodispersed Co4N nanoparticles on conductive nitro-
gen-doped graphene substrates (Co4N/NG), as well as bulk
Co4N, were synthesized (Supporting Information, Figures S1–
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S5). The hybridization with Co4N did not sacrifice the surface
area of graphene much (Supporting Information, Figure S6).
The high surface area benefits the precipitation of insulating
solids (S/Li2S).[14] The pristine Co4N (denoted as Co4N(pristine)/
NG) exhibits as 30–50 nm monodispersed particles (Fig-
ure 1B). Each particle is in single-crystalline cubic Co4N
phase decorated with polycrystalline surface oxides such as
Co3O4 (Figure 1C, D, and H). The surface oxidation is
unavoidable due to the vulnerable nature of metal-rich
compounds.[4] After five cycles in Li-S batteries, the mono-

dispersity of Co4N on graphene (denoted as Co4N(5-cycle)/NG)
was well-retained (Figure 1E). However, the bulk Co4N
phase turned into an assembly of interconnected 2–10 nm
particles (Figure 1F). Besides the pristine oxide particles,
cobalt sulfide particles such as CoS2 are observed in Co4N(5-

cycle) (Figure 1G,I). Other sulfurized phases such as amor-
phous CoSx, as well as abundant phase boundaries, are also
indexed with rigorous crystallographic analysis (Supporting
Information, Figure S7–S11). Note that these CoSx particles
not only appear near the surface of Co4N(5-cycle) but also within

Figure 1. A) Representation of metal-rich compounds as pre-catalysts (herein exemplified as Co4N) undergo in situ mosaicking phase evolution in
working batteries. B)–I) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of B)–D) Co4N(pristine)/
NG, E),G) Co4N(5-cycle)/NG, and F) the HRTEM image of Co4N(5-cycle)/NG. Co4N(5-cycle)/NG was at the fully charged state. Scale bars: B),E) 200 nm,
C),F) 5 nm, D),G) 2 nm. Fast Fourier transform (FFT) patterns and corresponding inverse FFT images of the selected square regions marked in
H) (D) and I) (G).
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the central region, implying deep penetration of sulfur and
mosaicking of the whole particle (Supporting Information,
Figures S8 and S9).

The origin of phase evolution is revealed through multiple
characterization methods. Unlike graphene, bulk Co4N par-
ticles exhibit a remarkable ability to decolorize the Li2S4

solution, implying the strong interactions between Co4N and
polysulfides (Supporting Information, Figure S12). HAADF-
STEM elemental mapping of a single Co4N(pristine) particle
reveals its core/shell structure (Figure 2A). The thickness of
oxidized shell is 2–3 nm. Electrochemical cycling renders
Co4N(5-cycle) significant sulfur signals (Figure 2 B). Sulfur is
dispersed across the whole particle, differing from surface
enriched oxygen. This result confirms the observation of bulk
sulfurization (Supporting Information, Figures S8–S11). In
contrast, polysulfide-treated but uncycled Co4N (denoted as
Co4N(ads)) is only featured with surface sulfurized layer,
indicating the profound influence of electrochemical cycling
on sulfurization (Figure 2C). The sulfurization is further
validated by X-ray photoelectron spectroscopy (XPS) (Fig-
ure 2D,E). Co4N-Li2S4 exhibits predominant Co@S bond
formation with metallic Co in Co4N and Li@S/S@S bonds in
Li2S4 disappearing. The comparison between S 2p spectra of
cycled graphene and Co4N/NG further confirms the forma-
tion of Co@S in working batteries (Supporting Information,
Figure S13). It is therefore reasonably deduced that low-
valence Co in Co4N is initially subjected to the polysulfide
etching and the as-generated atomic Co@S species then
evolve into interconnected CoSx particles.

To verify above polysulfide-etching induced phase evolu-
tion mechanism, we conducted density functional theory
(DFT) calculation in various aspects. The formation of
multiple Co vacancies in the Co4N (111) surface is modeled
(Figure 3A). The exothermic reaction between etched Co

atom and high-order polysulfides (exemplified as the nominal
reaction Li2S8 + Co!Li2S6 + CoS2 (bulk)) enables the endo-
thermic vacancy formation process. Figure 3B shows the
energetics of single vacancy (SV), double vacancy (DV), and
triple vacancy (TV) formation assisted by polysulfide etching.
The energetically most favorable pathway (bold black in
Figure 3B) shows the preference of N-uncoordinated surface
Co atom (atom i shown in Figure 3A) being etched over N-
coordinated Co atoms (ii and iii) and N-uncoordinated
subsurface Co atom (iv). This observation is in good
accordance with the XPS results that low-valence Co in
Co4N is etched to form corresponding sulfides. Also the
comparison between states 6 and 7 in Figure 3 A, B shows the
etching of subsurface Co (iv) prior to complete etching of
surface Co (ii after iii), offering an energetic insight into why
sulfur penetrates into the central region of Co4N during phase
evolution.

The polysulfide-etching induced phase evolution mecha-
nism is further investigated in a broad range of Co-based
compounds (CoB, Co2C, CoN, Co3O4, Co2P, CoP, CoS2, and
CoSe2). Some of these compounds have been demonstrated as
efficient catalysts for polysulfide redox reactions.[12, 14,15] The
formation energies of Co SV (DESV

form) serves as an energetic

Figure 2. Characterization of electrochemical phase evolution. A)–
C) HAADF-STEM images and corresponding elemental mapping of
A) Co4N(pristine)/NG, B) Co4N(5-cycle)/NG, and C) Co4N(ads)/NG. Scale bars:
10 nm. D),E) XPS fine spectra, including D) Co 2p3/2 spectra of bulk
Co4N before and after Li2S4 adsorption (Co4N-Li2S4) and E) S 2p
spectra of pristine Li2S4 and Co4N-Li2S4. Detailed assignment of XPS
peaks are shown in the Supporting Information, Table S1.

Figure 3. Theoretical investigation of electrochemical phase evolution.
A) Illustration of polysulfide-etching induced phase evolution, showing
optimized atomic configurations of Co4N (111) surfaces with zero Co
vacancy (0 V), SV, DV, and TV. The Co vacancy formation is enabled by
the exothermic reaction Li2S8 +Co!Li2S6 +CoS2 (bulk) as each arrow
represented. Uncoordinated Co atoms and Co atoms coordinated with
N are marked as (i, iv) and (ii, iii), respectively. N-uncoordinated Co
atoms i and iv are present in the surface and subsurface layer,
respectively. Co pink, N blue, S yellow spheres. B) Energetics diagrams
of the Co-vacancy formation processes shown in (A). The indices of
each states correspond to those in (A). The energetically most
favorable pathway is marked as bold black. C) DESV

form in various Co-
based compounds as a function of q of Co atoms in each bulk
compound. The black dashed line shows the quasi-linear relationship
between DESV

form and q. The red dashed line represents the formation
energy (@DEform) of bulk CoS2 through reaction Li2S8 +Co!
Li2S6 +CoS2 (bulk). D) Adsorption energies of S* (DES*

ads) on various
metal surfaces as a function of atomic numbers, along with the
representative optimized binding configurations of S* on surfaces of
fcc (111), bcc (110), and hcp (0001). Ni green, Co pink, Fe orange,
S yellow spheres. The S* is produced through reaction 0.5Li2S8 + *!
0.5Li2S6+S* (asterisk represents the surface site).
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indicator (with optimized structures shown in the Supporting
Information, Figure S14) to compare with the formation
energy of bulk CoS2 through reaction Li2S8 + Co!Li2S6 +

CoS2 (bulk) and validate the possibility of phase evolution
of these compounds in a polysulfide-enriched environment.
Figure 3C clearly shows the quasi-linear correlation between
DESV

form and the average Bader charge (q) of Co atoms in each
bulk compound. And compounds with q lower than that of
CoS2 (0.74) have lower DESV

form than @DEform of bulk CoS2 and
therefore should be subjected to a phase transition to sulfides
with the presence of polysulfides. This finding points out the
fact that in situ generated CoSx might be the true active
phases accounting for catalytic activity observed for above
Co-based compounds with low-valence Co atoms.

The affinity between low-valence metal atoms and S in
high-order polysulfides could be further extended to other
metals and measured by the adsorption energies of atomic S
(S*) on metal surfaces (Figure 3 D). These metals include
simple fcc, bcc, and hcp metals that are widely investigated in
heterogeneous catalysis and surface science,[16] and the most
inert flat surface, that is, (111) for fcc, (110) for bcc and (0001)
for hcp metals, is modeled. It is shown that on all metals, from
strong-binding early transition metals V, Zr, Nb, Mo, and W
to weak-binding coinage metals Ag and Au, the adsorption of
S*, which is produced from the fragmentation of Li2S8 to
Li2S6, is exothermic. Actually, extensive previous studies have
evidenced the formation of low valence metal-S bond on
different metal-rich compounds.[17, 18] Therefore, from a theo-
retical perspective, we conclude that most of metals and very
likely their metal-rich alloys and compounds containing zero-
valence metal atoms will be either completely or partially
sulfurized when employed in Li-S batteries. Probing the true
catalytic phases is then crucial.

It is then important to validate the effect of electro-
chemical mosaicking phase evolution on catalytic activities.
All polysulfide-involving reactions in aprotic Li-S batteries
are categorized by phases and their kinetics were studied
using different methods (see the Experimental Section).[19]

Also, to unveil the role of various components present in the
(pre)-catalysts before and after electrochemical cycling,
hybrid materials consisting of NG and Co3O4, Co9S8, and
CoS2 were synthesized and evaluated (Supporting Informa-
tion, Figures S15–S17).

For liquid–liquid polysulfide interconversion that was
probed in Li2S6 j Li2S6 symmetric cells, Co4N(5-cycle)/NG renders
58% and 119% enhancement (compared to Co4N(pristine)/NG)
in maximum response current and total transferred charge,
respectively (Figure 4A; Supporting Information, Fig-
ure S18A). Concurrently, the charge-transfer impedance of
Co4N(5-cycle)/NG is 51 % smaller than Co4N(pristine)/NG (Sup-
porting Information, Figure S19A).

For liquid–solid Li2S deposition that was investigated by
chronoamperometry of Li j Li2S8 cells, both Co4N(pristine)/NG
and Co4N(5-cycle)/NG exhibit a distinctly predominant poten-
tiostatic current peak in against the NG substrates (Fig-
ure 4B), corresponding to the point at which the Li2S/
electrolyte/catalyst triple-phase boundary reaches its maxi-
mum length.[20] Nevertheless, Co4N(5-cycle)/NG possesses the
earliest peak position (ca. 7.6% and 36% earlier than

Co4N(pristine)/NG and NG), demonstrating the highest Li2S
nucleation/growth rate.

For solid–liquid Li2S oxidation that was studied by LSV of
Li jS cells, Co4N(5-cycle)/NG reduces the overpotential by about
20 mV (at 1.0 mAcm@2) from Co4N(pristine)/NG and decreases
the Tafel slope from 97.3 mVdec@1 (Co4N(pristine)/NG) to
82.6 mVdec@1 (Figure 4 C,D). In contrast, NG(pristine) and
NG(5-cycle) exhibit little change in Li2S oxidation kinetics.

To further elucidate the importance of electrochemical
cycling, the liquid–liquid kinetics with other control samples
including Co4N(ads)/NG, Co3O4/NG, Co9S8/NG, and CoS2/NG
were probed (Supporting Information, Figures S18B–D and
19B–E). All these samples exhibit neither the comparable
catalytic activity to Co4N/NG or as-profound effect of
electrochemical cycling on the redox current and the impe-
dance. Since the theoretical analysis reveals that only Co4N is
inclined to phase evolution among these Co-based com-
pounds, the profound enhancement for all polysulfide-involv-
ing reactions can only be ascribed to the electrochemical
phase evolution.

To fully exert its merits, the Co4N/NG pre-catalyst was
employed as a functional membrane on routine polypropy-
lene (PP) separator (Supporting Information, Figure S21).[8]

Owing to the superior catalytic activity in situ attained in
a working Li-S battery, Co4N/NG results in remarkable rate
performance especially when current density exceeds 0.5 C
(1.0 C = 1672 mAgS

@1; Figure 5A). In particular, average
capacities at 4 and 10 C are 836 and 760 mAh gS

@1 (194%
and 396% higher than NG), respectively. Such a superb rate

Figure 4. The effect of electrochemical phase evolution on catalytic
performance toward various polysulfide-involving reactions. Four types
of electrode, NG(pristine), NG(5-cycle), Co4N(pristine)/NG, and Co4N(5-cycle)/NG,
served as working electrodes. A) Cyclic voltammetry (CV) curves of
Li2S6 j Li2S6 symmetric cells, showing the kinetics of liquid-liquid
polysulfide interconversion. B) Chronoamperometry curves of Li jLi2S8

cells, showing the kinetics of liquid–solid Li2S deposition. C) Linear
sweep voltammetry (LSV) curves (anodic scan of CV shown in the
Supporting Information, Figure S20) of Li jS cells and D) correspond-
ing Tafel plots, showing the kinetics of solid–liquid Li2S oxidation.
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capability also expresses as small voltage polarization with
which Co4N/NG cells sustain the sluggish Li2S deposition
(featured as low-voltage plateau) at rates of > 2 C
(3.4 mAcm@2); whereas controlled PP and NG cells lose the
above feature owing to the large overpotential, thereby
delivering low capacity (Figure 5B; Supporting Information,
Figure S22). The difference in rate performance agrees well
with the kinetics investigation (Figure 4) and electrochemical
impedances (Supporting Information, Figure S23).

Besides the rate capability, Co4N also endows the Li-S cell
with a strong ability to withstand polysulfide shuttle via rapid
transformation of mobile polysulfides into immobile phas-
es.[11] As a result, Co4N/NG cells exhibit greatly improved
cycling stability in terms of both capacity and Coulombic
efficiency (CE; Supporting Information, Figures S24, S25).
Detailed overpotential analysis further suggests smooth
phase-transferring (that is, Li2S deposition/oxidation) reac-
tions in Co4N/NG cell, in contrast to the high overpotential in
PP cells and kinetics degradation in NG cells (Supporting
Information, Figure S26). This trend in capacity fading is also
validated by morphological differences in cycled cathode:
large solid (S/Li2S) precipitates are observed without Co4N;
while the solid deposition is uniform with Co4N and the

porous electrode architecture is well-preserved (Supporting
Information, Figure S27). Co4N also results in clean and
polysulfide-uncontaminated separators and compact anode
with uniform lithium platting/stripping, indicating that kinet-
ics regulation offered by Co4N ameliorates the damage from
shuttle to the battery (Supporting Information, Figures S28,
S29).

Owing to the dual effect of Co4N on improving rate and
cycling performance, Co4N enables stable cell cycling at a high
rate of 4 C (6.7 mAcm@2) with a cyclic capacity decay rate of
0.17% (with respect to the maximum capacity) and average
CE of 95.3% for 200 cycles; while the average capacity and
CE of PP cell are only 138 mAh gS

@1 and 88.6 %, manifesting
much inferior high-rate cyclability (Figure 5C). Qlow/Qhigh, the
capacity ratio of low/high voltage plateaus as a key descriptor
of polysulfide-to-Li2S conversion efficiency,[21] trends to
increase with cycling for Co4N/NG cells; whereas for PP
and NG cells, Qlow/Qhigh tends to decrease (Supporting
Information, Figure S30). The change in Qlow/Qhigh of Co4N/
G cells is in accordance with the activation of Co4N pre-
catalyst.

High-rate performance enabled by Co4N was also ach-
ieved on high-sulfur-loading cells (4.1 mgS cm@2). The advan-
tages of Co4N in improving sulfur utilization and stabilizing
electrochemical interfaces (indicated by CE) are further
elucidated (Figure 5D; Supporting Information, Figure S31).
At 0.5 C (3.4 mAcm@2), the Co4N/NG cell delivered a max-
imum capacity of 1109 mAh gS

@1 (4.5 mAh cm@2) and main-
tained> 70% after 150 cycles, which is 204 % higher than that
retained in a PP cell. Note that such remarkable performance
is attained on a routine unmodified carbon/sulfur cathode
with tiny addition of Co4N (ca. 1.0% and 13% by weight of
Co4N and Co4N/NG, respectively). This further demonstrates
the superb catalytic ability of Co4N-derived compounds.

As one of the current directions for aprotic Li-S batteries
is to reduce the E/S ratio toward high device energy density,[22]

the even sluggish reaction kinetics under electrolyte-starved
conditions remain a huge challenge. At a low E/S ratio of
4.7 mLmgS

@1, the controlled PP cell possesses a typical two-
plateau discharge profile but large initial low-plateau over-
potential at 0.05 C, which becomes unsurmountable at 0.1 and
0.2 C and thus impedes the conversion to Li2S (Figure 5E). In
contrast, Co4N/NG retains the low discharge plateau at each
rate. Interestingly, the NG cell possesses much lower capacity
than PP at 0.05 C but basically maintains two discharge
plateaus at 0.1 and 0.2 C. That is explained by extra electro-
lyte required to wet NG or Co4N/NG membrane, in turn
lifting the low threshold of electrolyte amount for NG and
Co4N/NG cells. Despite that, NG and Co4N/NG indeed
promotes the conversion to Li2S as according to the order of
Qlow/Qhigh showing as PP<NG<Co4N/NG (Figure 5F).

On the catalytic mechanism of Co4N evolved in situ, we
propose that CoSx are the actual catalytic phases owing to the
sharp comparison between Co4N(pristine) and Co4N(5-cycle). By
correlating the catalytic activity of Co4N(pristine), Co4N(ads), and
Co4N(5-cycle) to their sulfurization degree (that is, the number of
inner CoSx surface sites), we find that inner CoSx should also
account for polysulfide catalysis, indicating that a solid but
labile catalyst such as Co4N/CoSx undergoes dynamic recon-

Figure 5. Co4N/NG pre-catalysts for high-rate and electrolyte-starved
Li-S batteries. High-rate Li-S batteries: A) rate performance showing
capacities in average and with error bars; B) galvanostatic discharge–
charge profiles at various current densities; C) cycling performance at
a high current density of 4.0 C (6.7 mAcm@2); D) cycling performance
at 0.5 C (3.4 mAcm@2) with high-loading sulfur cathodes. Electrolyte-
starved Li-S batteries: E) galvanostatic discharge–charge profiles and
F) Qlow/Qhigh ratios at various current densities. Areal sulfur loadings
(unit: mgS cm@2): A)–C) 1.0, D) 4.1, E),F) 4.8. Electrolyte-to-sulfur (E/S)
ratios (mLmgS

@1): A)–C) 19, D) 12, E),F) 4.7.
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struction to expose its internal interfaces to reactants and
catalysis can take place at not only pristine solid surface but
also internal mosaic interfaces. If the catalyst is initially inert,
like Co3O4, Co9S8, and CoS2, sulfur can hardly penetrate in the
bulk as deeply as in Co4N(5-cycle). Compared to ex situ synthetic
CoSx materials, in situ created CoSx will have more oppor-
tunities to be exposed to polysulfides as these sites are
naturally produced through polysulfide etching. More in-
depth understanding into the catalytic and sulfurization
mechanism requires precise tracking of phases and chemical
states, for example, through isotope labeling. Nevertheless,
the general concept can be easily applied to other metal-rich
compounds such as Ni3FeN[18] and Ni3CoN (Supporting
Information, Figures S32, S33).

Conclusion

We have unveiled the electrochemical phase evolution of
(pre-)catalyst in aprotic and non-oxygen conditions, which
renders a single-crystalline metal-rich compound suitable for
interconnected ultrafine sulfide catalysts. Li-S batteries with
Co4N as the model pre-catalyst have achieved superior
performance at kinetically harsh conditions such as at 10 C
rate (16.7 mAcm@2) and with a low E/S ratio of 4.7 mLmgS

@1.
Our work will have wide implications for electrochemistry
beyond Li-S batteries, such as other alkali metal (Li/Na/K)-
chalcogen (S/O2) batteries and materials beyond Co4N,
including the investigation of sulfides generated in situ as
the true catalytically active phases, the design of novel
electrocatalysts through electrochemical phase evolution,
and the paradigm shift from aqueous to aprotic electro-
chemistry, which helps attain new understanding and new
applications.
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