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Transition metals can deliver high lithium storage capacity, but the reason behind this remains elusive.
Herein, the origin of this anomalous phenomenon is uncovered by in situ magnetometry taking metallic
Co as a model system. It is revealed that the lithium storage in metallic Co undergoes a two-stage
mechanism involving a spin-polarized electron injection to the 3d orbital of Co and subsequent electron
transfer to the surrounding solid electrolyte interphase (SEI) at lower potentials. These effects create
space charge zones for fast lithium storage on the electrode interface and boundaries with capacitive
behavior. Therefore, the transition metal anode can enhance common intercalation or pseudocapacitive
electrodes at high capacity while showing superior stability to existing conversion-type or alloying
anodes. These findings pave the way for not only understanding the unusual lithium storage behavior of
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Introduction

Lithium-ion batteries (LIBs) have become the first choice of
power source for portable electronics, but their energy density
has fallen behind the demand of high-energy consuming
applications.! Approaching an energy target of 500 W h kg~ " for
long-duration electrical vehicles primarily relies on the devel-
opment of high-capacity electrodes. For LIBs, the anode mate-
rials usually store Li" via the mechanism of intercalation,
pseudocapacitive effect, redox conversion or alloying
reactions.>* The intercalation and pseudocapacitive anodes
(e.g., graphite and MXene) work via dynamics-controlled reac-
tions to achieve fast lithium storage at the cost of low
capacities.”” Whereas alloying anodes like Si can take up excess
Li* to deliver ultrahigh capacities over 4200 mA h g~ " but suffer
huge volume expansion and fast pulverization.'***> Better elec-
trode stability can be achieved by transition metal compounds
(TMCs), which deliver 2-3-fold higher capacities beyond
commercial graphite anodes via redox conversion to metal
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nanoparticles dispersed in a Li,O matrix."*** Generally, transi-
tion metals with dense lattices are believed inactive for Li"
intercalation and alloying with Li. They have been recognized to
facilitate lithium storage in TMCs by forming a conductive and
buffering matrix, catalyzing redox kinetics and/or the formation
of a solid electrolyte interphase (SEI)."* A variety of anodes
have also demonstrated abnormally high capacities,” ¢ the
underlying mechanism for which, however, is still unclear.

For 3d transition metals, the filling state of their spin-up and
spin-down d-bands is responsible for the magnetic properties.>”
Monitoring their magnetic response to electrochemical cycling
may give some clues on the evolution of the electronic structure
of 3d transition metals. In the Fe;0, anode, we have probed the
injection of spin-polarized electrons into Fe nanoparticles on
the order of Thomas-Fermi screening length by in situ magne-
tometry.”®* This effect creates space charge zones for accom-
modating extra electrons and Li* on a high density of Fe/Li,O
interfaces.*® As a result, extra capacities beyond the theoretical
limit can be delivered by conjunction of charge storage with
redox conversion of TMCs. For anodes, however, this mecha-
nism may not solely work for anomalously high capacities due
to the absence of metal/Li,O boundaries.

Herein, we engaged to uncover the origin of the anomalously
high capacity of 3d transition metals for lithium storage via in
situ magnetometry. A nanostructured Co/C-based anode is
taken as a model system to demonstrate the mechanism
involved. Such an anode exhibits a two-stage mechanism for
lithium storage, namely, the injection of a spin-polarized elec-
tron into the unfilled 3d orbitals of metallic Co and the subse-
quent electron transfer to reduce the surrounding SEI at lower
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potential. Conjunction of both effects contributes to high
capacities of the metallic Co anode. These results highlight the
critical role of in situ magnetometry in the research of reaction
mechanisms of transition-metal based materials. The proposed
charge storage mechanism enables fast lithium uptake with
capacitive-like behavior without sacrificing high capacity.
Meanwhile, it maximizes the electrode stability by avoiding the
volume expansion of the electrode encountered by conversion-
type and alloying anodes.

Results and discussion

Zeolitic imidazolate framework-67 (ZIF-67), a typical kind of
metal-organic framework (MOF), is used as the precursor to
produce the anode materials. Unlike previous research, ZIF-67
nanoparticles, instead of converting into porous carbons,
metal compounds, or their hybrids,**-* are directly annealed at
a high temperature in inert atmosphere to produce Co/C
nanoparticles for lithium storage (Fig. S1, ESIf). As shown,
polyhedral ZIF-67 particles are topologically converted to Co/C
NPs with a similar shape and a uniform size of ca. 800 nm on
average (Fig. S2 and S3a, bt). The peaks of ZIF-67 match well
with the patterns of the simulated one (Fig. S2ct).** Formation
of fce Co (JCPDS card no. 15-0806) in Co/C NPs is revealed by the
peaks at 44.2°, 51.5°, and 75.85° from its (111), (200), and (220)
facets in the X-ray powder diffraction (XRD), respectively
(Fig. S3ct).** No signals of cobalt oxides are detected by XRD,
indicating that only a small amount of metal surface may be
oxidized. The dominant metallic state of Co is further validated
by a sharp 2p,,,/2ps/,, doublet at 795.8/780.3 €V in the Co 2p X-
ray photoelectron spectroscopy (XPS) spectrum (Fig. S41).>** In
Co/C NPs, single-crystalline Co nanoparticles with the tiny size
of several nanometers are evenly dispersed within an amor-
phous carbon matrix derived from the organic ligands of ZIF-67
(Fig. 1a and b). The N, adsorption-desorption test reveals a high
Brunauer-Emmett-Teller (BET) surface area of 264.2 m* g~ * for
Co/C NPs with the presence of micro- and meso-pores (Fig. S57).
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Fig.1 (a) TEM and (b) HRTEM images of the Co/C NPs. (c) GCD curves

of the Co/C NPs anode at a current density of 0.1 A g~ between 0.01-
3.0V (vs. Li/Li*). (d) In situ XRD patterns of Co/C NPs anode for the first
discharge and charge process. (e) Enlarged view of the diffraction peak
from metallic Co in in situ XRD patterns.
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The porous structure with a large specific surface area would
allow more active sites to be directly exposed for better perfor-
mance.**¢ The overall Co content in Co/C NPs is ca. 49 wt%, as
measured by inductively coupled plasma mass spectrometry
(ICP-MS). The magnetic hysteresis loop (MH) curve (Fig. S6at)
shows the characteristics of ferromagnetism at room tempera-
ture with the magnetization of 58.6 emu g™, which is consis-
tent with the field cooling and zero-field cooling curves shown
in Fig. S6b.t Moreover, the magnetization of Co/C can corre-
spond well to the Co content (Fig. S77).

In theory, lithium storage by Li" intercalation into the dense
lattice of metallic Co or their alloying is infeasible.>”~** But the
Co/C NPs anode performs well for lithium uptake with slope
galvanostatic charge-discharge (GCD) curves except for initial
discharge involving SEI formation (Fig. 1c). This phenomenon
suggests a pseudocapacitance-dominated character of lithium
storage in Co/C NPs.*** Such an effect usually induces fast
lithium storage kinetics via charge storage and/or redox reac-
tions on the electrode surface at the cost of low capacity due to
a lack of diffusion-controlled bulk reactions. However, the Co/C
NPs anode delivers an anomalously high capacity of ca.
880 mA h g™ * at a current density of 0.1 A g~ ' between 0.01-3 V
(vs. Li/Li"), which far exceeds the value of the commercial
graphite anode. During long cycles, this anode exhibits no
capacity decay with a high capacity of over 1000 mA h g™ * after
200 cycles at a current density of 0.1 A g~ " (Fig. S87), exhibiting
superior performance over other related structures (Table S17)
and showing long-term effectiveness of anomalously high
capacity.

In situ XRD analysis shows that the fcc Co in Co/C NPs
experiences no phase transition throughout the discharge-
charge process. This result rules out the possibility of lithium
storage by redox conversion or an alloying mechanism (Fig. 1d
and e). To identify the role of metallic Co nanoparticles in
lithium storage, pure carbon nanocubes without Co were
prepared (Fig. S91). As shown, the carbon nanocubes only
deliver a stable lithium storage of around 400 mA h g
(Fig. S10a and bt), much smaller than the capacity afforded by
the Co/C NPs even though these nanoparticles possess a much
larger specific surface area (1384.1 m> g~ ', Fig. S10ct). Appar-
ently, the presence of metallic Co nanoparticles plays a vital role
in achieving the anomalously high lithium storage capacities of
Co/C NPs. Their contribution to the total capacities is roughly
estimated to be ca. 55% at a current density of 0.1 A g~ " (Fig. S8
and S10aft).

Considering the magnetic response of metallic Co, the
magnetometry of Co/C NPs was recorded simultaneously using
a specially-designed cell configuration to get an insight into
their evolution.”® The rationally designed in situ cell could
deliver a similar performance (Fig. S11f) compared to the
widely used coin cells, securing the accuracy of the in situ
results.”®* The in situ magnetometry responses of Co/C NPs are
shown in Fig. 2a and S12.7 To rule out the influence from other
components of the cell, a reference cell without the Co/C NPs
anode was also assembled, delivering a constant signal
(Fig. S137), which was subtracted as the background. Mean-
while, the in situ magnetometry test was also performed over the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) The in situ magnetic responses of the Co/C NPs anode at an

applied magnetic field of 3 tesla to the second and third cycles at
a current density of 0.1 A g+ between 0.01-3.0 V (vs. Li/Li*). A
schematic of the spin-polarized density of states at the surface of
ferromagnetic metallic Co grains (b) before and (c) after electron filling
into the spin-down d band.

carbon nanocube anodes (Fig. S14t), during which the
magnetic signal remains unchanged during the charging and
discharging processes. In contrast, the magnetic signal changes
are particularly pronounced in Co/C NPs. After the initial cycle,
the time-dependent potential curves are highly overlapping for
the rest of the cycles. A highly reversible magnetic response to
the discharge-charge process is simultaneously recorded,
which can be divided into four reversible stages. Firstly, the
magnetic moment keeps a low level until 1.9 V (vs. Li/Li") during
discharge, where surface lithium adsorption delivers rather low
capacities (Fig. 1c). The magnetization then rapidly rises in
a potential range of 1.9 to 0.87 V (vs. Li/Li") due to the reduction
of surface cobalt oxide to metallic Co (Fig. 2a). According to the
quantitative calculation of magnetic measurements, this
reduction reaction contributes to a capacity of 25.7 mA h g,
indicating that only a small amount of cobalt is oxidized to
cobalt oxide (Fig. S157). For metallic Co, the ferromagnetism is
determined by the different filling states of spin-up and spin-
down d bands. They can be correlated with a relationship of
M = (N; — N)ug, where M is the net magnetization, up is the
Bohr magneton, and N; and N, are the total number of elec-
trons for each spin. Further discharge of the Co/C NPs anode
from 0.87 to 0.54 V (vs. Li/Li*) induces an unexpected reduction
of saturation magnetization. Such a phenomenon indicates the
accumulation of more electrons into the spin-down d bands
near the Fermi level of Co nanoparticles within a Thomas-
Fermi screening length.* It forms space charge zones to accept
the electrons while Li* is stored on the particle surface and
nearby grain boundaries as a charge balance (Fig. 2¢). This spin
capacitance effect results in decent extra capacities.** After-
wards, the magnetization of the electrode increases again until
the end of discharge at 0.01 V (vs. Li/Li"). It reveals the transfer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of extra electrons from the filled d bands of Co to surrounding
SEI if considering the absence of Li,O matrix. This electron-
injection effect would catalyze the conversion of SEI to radical
anions to deliver lithium storage capacities likewise organic
electrodes.*

During charging, the Co/C NPs anode exhibits an opposite
tendency of magnetic response to potential change. The
magnetization gradually decreases upon charge to 1.04 V (vs. Li/
Li"). It reflects the electron transfer from radical anions in SEI
back to the spin-down d band of Co within a Thomas-Fermi
screening length. Subsequent magnetization increases in
a potential range from 1.04 to 1.76 V (vs. Li/Li") correspond to
the extraction of extra electrons from the spin-down d band of
Co. Afterwards, the regeneration of the surface oxidized species
and Li desorption from the electrode surface gradually decrease
the magnetization until the end of charge. Overall, the magne-
tization of Co/C NPs keeps on a high level above 57 emu g *
before discharge and after charge thanks to a high accumula-
tion of magnetic Co. The asymmetrical variation of magneti-
zation amplitude throughout the discharge-charge process may
be a result of asymmetrical electrode reactions and polarization
effect.

And then, we further discuss other possible mechanisms
that could lead to the changes of the magnetization by trans-
mission electron microscopy (TEM) and MH curves. The valence
state of Co remains unchanged in the potential window of 0.01-
1.7 V (vs. Li/Li") (Fig. S167), indicating that there is no other
mechanism influencing the magnetization.*®*** Moreover, the
lithium insertion and extraction can influence the exchange
interaction and modulate magnetic anisotropy of ferromagnetic
nanoparticles,*®***” leading to magnetization changes in low
magnetic fields (Fig. S15t). To eliminate these complications,
we took magnetization measurement under high fields above
saturation magnetization. Therefore, the proposed spin capac-
itance and catalytic process are the dominant factors in the
magnetic variations instead of other complex chemical reac-
tions, magnetic coupling changes and magnetic anisotropy.

The above results suggest that the extra capacities of Co
nanoparticles for lithium storage may stem from a spin-
polarized electron injection into unfilled Co 3d orbitals and
electron transfer from Co to the surrounding SEI at lower
potentials. To determine the role of the two mechanisms in
different potential ranges, the magnetic response of the Co/C
NPs anode is further evaluated in a potential range of 1.0-1.7
and 0.01-0.5 V (vs. Li/Li"), respectively. The former potential
range allows one to monitor the extraction of extra electrons
from the spin-down d band of Co during charge without the
influence of electrode polarization by surface oxides. The Co/C
NPs show a typical pseudocapacitive character by rectangular
cyclic voltammetries (CVs) without an apparent redox peak
between 1.0 and 1.7 V (vs. Li/Li") (Fig. 3a). In this region, the
magnetization monotonically increases to reach the maximum
at 1.7 V (vs. Li/Li*) with potential rising and vice versa (Fig. 3b),
reflecting domination of the spin capacitance mechanism.*”*
Moreover, we established the thermodynamic modelling for Li"
ions storage.***® In Fig. S17a,f the InQ vs. E curve suggests
a slope of expected magnitude (1/n ~0.32) at the range of small

Chem. Sci., 2023, 14, 2455-2460 | 2457
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Fig. 3 CVs of the Co/C NPs anode at a scan rate of 0.1 mV st in
a potential range of (a) 1.0-1.7 V (vs. Li/Li*) and (b) 0.01-0.5 V (vs. Li/
Li*). (c, d) Their corresponding in situ magnetic response at an applied
magnetic field of 3 tesla.

Q (high potential). The experimental curve linearizes with the
expected order of magnitude (Fig. S17bt), which indicates that
the interfacial charge storage is dominant in the potential
range. In a potential range of 0.01-0.5 V (vs. Li/Li"), reversible
electron exchange between the 3d orbital of Co and the radical
anions in the surrounding SEI induces the pseudocapacitive
lithium storage accompanied with redox behavior (Fig. 3c).
Accordingly, the magnetization variation shows an opposite
tendency to potential change due to a negative correlation of net
magnetization to the filling state of spin-down d band of Co
(Fig. 3d). Unfortunately, owing to the coexistence of the catalytic
and spin capacitance effects in low potential and the competi-
tive relationship for electrons, we are unable to perform accu-
rate quantitative calculations for each effect. Despite all this,
these results suggest the electron transfer from Co to the
surrounding SEI plays a dominant role in this potential range
for lithium storage.

Therefore, the lithium storage in metallic Co anode can be
primarily described by the following two-stage reversible
process (Fig. 4):

Co + xLit + xe= & xLi"/Co*~ (1)
Electrolyte + yLi* + ye~ 3 yLi /SEP~ @)
@
L)
‘-'9 0 080 Y
— 0 Con e
~ 0% ® ‘/ @
® sEl—
Spin-polarized electron inj Electron translerto SEI

Fig. 4 Schematic illustrations of lithium storage in metallic Co via
a spin-polarized electron injection to the 3d orbital of Co and
subsequent electron transfer to the surrounding SEI at lower potential.
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At the first stage, the metallic Co nanoparticles work as a spin
capacitor to accumulate electrons into its unfilled d band within
a Thomas-Fermi screening length during discharge (eqn (1)).
Meanwhile, the Li" ions are taken up onto the particle surface
and nearby grain boundaries to balance the space charge, deliv-
ering capacities. At a lower potential range, the Co nanoparticles
also act as an intermediate to facilitate the electron transfer to the
less conductive SEI and reduce it for lithium storage (eqn (2)).
Both the surface-controlled processes are critical to induce extra
high capacities of metallic Co anode for lithium storage.

The unique spin capacitive mechanism allows fast lithium
storage in the Co/C NPs anode without sacrificing high capac-
ities, which is distinct from conventional low-capacity pseudo-
capacitive electrodes. The fast lithium storage kinetics of Co/C
NPs are revealed by the constant shape of CVs at different scan
rates from 0.1 to 1 mV s~ ' between 0.01 and 1.7 V (vs. Li/Li")
(Fig. 5a). The peak current (i) and scan rates (v) have a rela-
tionship of i = av” with a and the b value of 0.97 and 1.0 for
anodic and cathodic processes, respectively (Fig. 5b). This
reflects the domination of surface-controlled capacitive
behavior for lithium storage.**® The pseudocapacitance
contribution to the total capacity is over 76.9% and increases for
a faster scan until a maximum of 90.6% at a scan rate of 1 mV
s~' (Fig. 5c). On this basis, electrode kinetics are further
analyzed to confirm the capacitance contribution in different
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Fig. 5 (a) CVs of the Co/C NPs anode at different scan rates of 0.1-
1.0 mV s~ (b) The corresponding plots of log(i) vs. log(v) for each
redox peak. (c) CVs and the capacitive contribution (purple zone) at
a scan rate of 1.0 mV s%. (d) Contribution ratio of capacitive (purple)
and diffusion (green) controlled to total capacity at various scan rates.
(e) Rate capability performance of Co/C NPs anode.
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potential ranges associated with spin capacitance or SEI-
involved reactions. Rectangular CVs appear between 1.0-1.7 V
(vs. Li/Li") (Fig. S18t) and 0.01-0.5 V (vs. Li/Li") (Fig. S197) at
varied scan rates of 0.2 to 1 mV s *. For all cases, the b values are
0.99-1.0 throughout the discharge-charge process (Fig. S18b
and 19bt), indicating an even dominance of capacitive
behavior. Fast electrode kinetics enables a capacity retention as
high as 74% when current densities are increased by 20-fold
(Fig. 5e), while the specific capacity can even be boosted by
switching the current rate back to the initial value. Since the
interface between the metallic Co and SEI plays a key role in
determining the electrochemical capability, the promoted
performance could be attributed to the improved SEL™®
Lithium storage based on electron exchange in the Co/C NPs
anode brings additional benefits in minimizing the notorious
electrode expansion and damage. It enables intrinsic high
electrode stability that enhances the conversion-type or alloying
anodes suffering from severe volume expansion and pulveriza-
tion upon lithium uptake. Excellent cycling stability of Co/C NPs
is demonstrated by over 100% capacity retention with high
coulombic efficiency for 600 cycles at a current rate of 0.5 A g™ "
(Fig. S20at), the carbon nanocubes without Co nanoparticles
only have 34.7% capacity retention (Fig. S20bt). The post-
mortem of the anode after deep cycling shows that the texture
of the Co/C NPs is maintained without structural degradation
(Fig. S21t). This merit is particularly attractive for
manufacturing high-loading thick electrodes and solid-state
cells. Such an electrochemical improvement also suggests the
long-term effectiveness of spin capacitance and SEI-involved
mechanism for efficient lithium storage within metallic Co.

Conclusions

In summary, the unusual behavior of lithium storage in metallic
Co is studied by in situ magnetometry during electrochemical
cycling. The origin of the high capacities of nanostructured Co is
identified to be as a result of the spin-polarized electron injection
effect in conjunction with subsequent electron transfer to the
surrounding SEI Both effects have equally important contribu-
tions to the high capacities of 3d transition metals, resulting in
capacitive-like lithium storage behavior with fast kinetics but
high capacities. The charge storage mechanism without
involvement of redox conversion and alloying further avoids
electrode destruction, enabling excellent cycling stability for
long-term use. This finding may not only provide fresh insight
into the understanding of the lithium storage mechanism but
also into the development of advanced anodes that can satisfy the
criteria of high capacity, fast charge and superior durability.
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