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obing of available extra capacity:
interfacial space-charge storage in FeOOH lithium-
ion batteries†
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Extra capacity beyond a theoretically predicted value has been widely acknowledged in transition metal-

based anodes for application in lithium batteries, but the precise definition of their charge storage

behaviors remains elusive owing to the intricate and dynamic interior space. Herein, an urchin-like

FeOOH nanostructure is fabricated to reveal the dynamic electrochemical evolution of extra capacity. It

is found that electrons continually accumulate at the interface between Fe and the Li2O/LiOH matrix at

a narrow discharge voltage range of 1–0 V, forming a space-charge storage region, thus enabling extra

capacity besides the capacity from the reversible conversion reaction. Moreover, using advanced

operando magnetometry technology, the significant interfacial space-charge storage behavior could be

accurately quantified to be 239.1 mA h g−1. In contrast, the evolution of the partially reversible solid-state

electrolyte interface (SEI) functions as a diminished additional source of capacity, significantly lowering

the coulombic efficiency and stability of batteries. Further, by fully exploiting the potential of the

reversible interfacial space-charge storage mechanism, a well-designed lithium-ion hybrid capacitor is

constructed using a reduced FeOOH anode and commercial AC cathode, achieving a high energy

density of 140.4 W h kg−1 and a remarkable capacity retention of ∼100% after 1000 cycles at 1 A g−1.

This study offers a broad insight into the extended utilization of extra capacity, paving the way for

a sustainable strategy in the development of new energy batteries.
Introduction

The relentless quest for enhanced performance in lithium-ion
batteries serves as the primary motivation for the advance-
ment of next-generation electrochemical devices, with capacity
standing as a paramount criterion.1–4 Currently, besides the
capacity that comes from conversion reactions, additional
capacity exceeding theoretical limits, known as extra capacity,
has been identied.5 Transition metal-based materials in
lithium-ion battery anodes offer a promising avenue owing to
their accommodation of this extra capacity. For example, it has
been observed that extra capacities exceeding 136.9 mA h g−1

can be achieved in (CNT)/FeS2 aer 100 cycles, and values as
high as 428.3 mA h g−1 can be achieved in Fe2.76Sn0.24O4/rGO
ng, College of Physics, Weihai Innovation

, Qingdao 266071, China. E-mail:

edu.cn

r Engineering, Institute for Quantum

N2L 3G1, Canada

tion (ESI) available. See DOI:

equally.

f Chemistry 2024
aer the same number of cycles.6,7 Furthermore, Co2(OH)2CO3-
GO nanocomposites demonstrate a contribution of extra
capacity up to 249% aer 500 cycles.8 These supplementary
capacities not only improve the energy density and longevity of
batteries but also play a crucial role in advancing the eld of
energy storage.

Although the extra capacity has been acknowledged, its
formation mechanism remains a topic of debate in academic
circles.9 Various hypotheses, such as the solid electrolyte
interphase (SEI) lm establishment, interfacial space-charge
storage, and structural alterations, may account for this
phenomenon.5 In general, the formation of an SEI lm typically
occurs during the initial lithium insertion process, involving
complex electrochemical and physical processes that are hard
to observe. Nevertheless, the durability of an SEI lm is limited
by chemical reactions and mechanical stress, thus providing an
insufficient explanation for the increased capacity observed in
the low-voltage region.10–12 Enhanced by advanced material
design and surface modication, the highly efficient and stable
SEI layer has shown signicant improvements in battery
performance and lifespan.13 Moreover, Balaya et al. introduced
a novel theoretical framework for RuO2 lithium batteries,
highlighting interfacial storage capacity via charge separation
J. Mater. Chem. A, 2024, 12, 21873–21883 | 21873
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Fig. 1 Structural characterization of FeOOH anodes. (a) XRD pattern.
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between nano-metal and Li2O grains.14 This lithium storage
mechanism is precisely stated as interfacial space-charge
storage in the following discussion. However, the conclusive
identication of electrons remains challenging due to the
metastable nature of interfacial charge storage and the inherent
limitations of electron-level detection techniques.15 Sources of
extra capacity for electrode substance conversion remain an
elusive area in current knowledge.

Operando magnetometry technology is an electron-level
detection technology for the exploration of electrochemical
physical interfaces.15,16 It is found to be sensitive in monitoring
the charge transfer and phase evolution in electrochemical
systems, which would facilitate a comprehensive understanding
of the space charge distribution in the inaccessible electrode
interfaces.9,17–28 Klinser et al. conducted in situ magnetic
susceptibility detection in LixNi1/3Mn1/3Co1/3O2 cathodes to
elucidate the charge compensation process of Ni2+/Ni3+/Ni4+

during the charging cycle.24 Further, for operando magnetom-
etry in sodium-ion batteries, the incomplete reaction within
FeS2 cores has been identied, indicating that the smaller iron
nanoparticles reduced the kinetics.21 More importantly, in prior
investigations into extra capacity, the designed in situ magne-
tometry has tracked the electronic structure evolution within
typical Fe3O4 lithium-ion batteries, revealing substantial
surface capacitance on metallic nanoparticles.9 This study
directly conrmed the extra capacity associated with the inter-
facial space-charge storage mechanism, where spin-polarized
electrons and lithium ions are individually stored at the inter-
face of ionic and electronic conductors. However, the mecha-
nisms underlying other roots of extra capacity, particularly in
the function of SEI lms, remain inadequately explored. To gain
a more comprehensive understanding of various extra capacity
mechanisms with potential applications, it is imperative to
employ operando magnetometry technology for deeper insights
into their complex interactions.

Herein, we delve into the underlying mechanisms of the
extra capacity in an urchin-like FeOOH nanoparticle anode in
LIBs and propose an effective way to benet from it. Through
the probing of operando magnetometry, a signicant interfacial
space-charge storage mechanism is determined to be respon-
sible for the extra capacity. Within the narrow voltage range
from 0 V to 1 V, a high extra capacity of 239.1 mA h g−1

is quantitatively observed, corresponding to the calculated
value derived from spin-polarized charge analysis. However,
the results of transmission electron microscopy (TEM) and
impedance testing indicate that the additional capacity
provided by the SEI lm in FeOOH is irreversible, leading
to capacity fading and low coulombic efficiency. In the
designed Fe-reduced FeOOH//activated carbon (AC) asymmetric
supercapacitors, a remarkable energy density of 140.4 W h kg−1

and a high-capacity retention of 99.6% aer 1000 cycles at
1 A g−1 are achieved. These insights lay the groundwork
for the development of next-generation anodes tailored for
both high-capacity metal-based hydroxide batteries and
supercapacitors.
21874 | J. Mater. Chem. A, 2024, 12, 21873–21883
Results and discussion

Two-dimensional FeOOH is synthesized via a typical one-step
hydrothermal method and illustrated by the structure charac-
terization in Fig. 1. As depicted in Fig. 1a, the composition of
FeOOH is conrmed by the powder X-ray diffraction (XRD)
patterns of JCPDS No. 81-0463.29 The predominant peaks
located at 21.2°, 33.2° and 36.6° are assigned to the (110), (130)
and (111) planes, respectively. As is shown in the scanning
electron microscopy (SEM) and the transmission electron
microscopy images, FeOOH appears as urchin-like nanospheres
featuring radial nanorods, with a length of∼0.5 mm (Fig. 1b and
c). In detail, the interplanar distance of FeOOH nanorods is
measured to be 0.404 nm by high-resolution TEM (Fig. 1d and
e), corresponding to the (110) plane. The high index crystal
surface of FeOOH (110) contributes to the exposure of hydroxyl
active sites, improving the electrochemical reactivity.30 The
corresponding selected-area electron diffraction (SAED) pattern
in Fig. 1f exhibits the circular diffraction of FeOOH nano-
particles, which is consistent with the XRD patterns. Subse-
quently, X-ray photoelectron spectroscopy (XPS)
characterization (Fig. 1g and S1†) is further conducted to
explore the detailed elemental composition and bonding char-
acteristics of pure FeOOH. The high-resolution XPS spectra of
Fe reveal two spin–orbit coupling peaks at 724.6 eV and
711.7 eV, assigned to the Fe3+ 2p1/2 and Fe3+ 2p3/2, respec-
tively.31,32 In addition, the O 1s spectrum of FeOOH possesses
two characteristic peaks for Fe–O–H and Fe–O–Fe, located at
531.6 eV and 530.3 eV, respectively.33 It is found that the inte-
grated areas of the two peaks are equal in value, suggesting the
high purity of the as-synthesized FeOOH.

As illustrated in Fig. S2,† the magnetic hysteresis curve
exhibits paramagnetic characteristics. Compared with the
robust ferromagnetism of Fe, the modest magnetization of 0.95
emu g−1 for the goethite a-FeOOH samples under a high
magnetic eld (3 T) is negligible, yet it provides a feasible
approach for monitoring the evolution of iron in FeOOH LIBs
based on the distinguished magnetization intensity mentioned
(b) SEM image. (c) TEM image. (d) HRTEM image of the nanorod and (e)
lattice fringe inside. (f) SAED image. (g) The high resolution XPS of O 1s.

This journal is © The Royal Society of Chemistry 2024
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above so that magnetic technology would be capable of
revealing electrochemical behaviors.

The prepared FeOOH is assembled into half-coin cells with
lithium counter electrodes, and their electrochemical perfor-
mances are shown in Fig. S3.† The specic capacities of the
FeOOH anode for the rst charge and discharge are 1238.2 and
1838.4 mA h g−1, respectively (Fig. S3a†). Obviously, the capacity
signicantly exceeds the theoretical limit (903 mA h g−1), well
consistent with the charge–discharge curves in previous reports.
The rate capability of the FeOOH electrode at different current
rates from 0.1 to 1 A g−1 is demonstrated in Fig. S3b.† It delivers
a reversible capacity of 758.5 mA h g−1 at a high current density
of 1 A g−1. When the current rate returns to 0.1 mA h g−1, nearly
100% of the original capacity reverts. Further, the FeOOH
electrode maintained a high capacity of 847.5 mA h g−1 and
839.6 mA h g−1 over 200 cycles at 0.2 A g−1 and 1 A g−1,
respectively, ensuring its prolonged usage and superior
performance in various applications (Fig. S3c and S4†).

To gure out the Li-ion storage mechanisms in FeOOH, we
employed operando magnetometry to monitor charge transfer
during the electrochemical processes of operando pouch test
cells, driven by cyclic voltammetry (CV) measurement. As
demonstrated in the cyclic voltammetry proles (Fig. 2a),
operando cells exhibited nearly identical electrochemical
Fig. 2 Electrochemical reaction mechanism of FeOOH LIBs. (a) CV curve
range of 0.01–3 V. (b) Operando magnetic monitoring followed the vol
hysteresis loop with the Langevin fitting curve after the first full discharg

This journal is © The Royal Society of Chemistry 2024
behavior compared to coin cells.34 In the rst discharge process,
the FeOOH anode exhibited two prominent peaks at 1.68 V and
1.45 V, corresponding to the initiation of intercalation lithiation
in the active sites and deep intercalation of lithium (Step I and
Step II). Notably, the outstanding peak at 0.78 V could be
attributed to the formation of the SEI layer and the conversion
reaction (Step III). It is worth noting that SEI is commonly
considered the donor of extra capacity but failed to quantitative
due to the uncertain interface reaction.35,36 In the rst charge
scan, the decomposition peak of the SEI layer appeared at
1.06 V. And the following broad peak around 1.5 V was recog-
nized as the oxidation of iron, following reversible pathways
from Step III0 to Step I0.34,37 In the next cycles, the conversion
reaction peak becomes less pronounced, correlating with the
reduced and more uniform voltage plateaus observed in the
galvanostatic discharge–charge curves (Fig. S3a†). This consis-
tent trend may be attributed to structural alterations within the
electrode. Due to the high consistency of CV and charge and
discharge curves, the operando magnetic monitoring is coupled
with CV scanning at 0.5 mV s−1 to bring about a more rened
conversion reaction at the interface.

The whole phase evolution of the FeOOH electrode during
cycling is well and truly investigated by operando magnetom-
etry. Fig. 2b presents CV curves alongside the time-sequenced
s for the first three cycles at a scan rate of 0.5 mV s−1 over the voltage
tage range of CV scanning under a magnetic field of 3 T. (c) Magnetic
e measured at 300 K.

J. Mater. Chem. A, 2024, 12, 21873–21883 | 21875
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magnetization of the FeOOH electrode, juxtaposed with the
corresponding potential response observed throughout the
initial three cycles. The periodic variation in magnetization
illustrates a reversible and steady electrochemical process.
Specically, the voltages of the CV curves corresponding to
distinct peaks and valleys in the real-time magnetization vari-
ation are labeled as V1 to V6. In the initial magnetic response,
there is a negligible magnetization variation from open circuit
voltage (OCV) to 1.48 V, indicating that the electrode structure
of lithium-embedded FeOOH remains constant with negligible
paramagnetism (Lix+yFeOOH). During the subsequent lithiation
step from 1.48 V to 0.97 V, the pronounced increase in
magnetization could be assigned to the accumulation of
reduced Fe, since iron possesses strong magnetic properties.
Fig. 3 Reversible interface charge storage mechanism in an assigned
discharge curves after 100 cycles. (b) Constant operando magnetometr
spin-polarized density of states near the Fermi energy surface in reduc
storage and lithium activity in Fe/matrix nanocomposites. (e) Thermodyna
space-charge interface responsible for extra lithium storage.

21876 | J. Mater. Chem. A, 2024, 12, 21873–21883
With the continuous generation of Fe particles, the metallic Fe
keeps storing spin-polarized electrons, thus reducing the slope
of the magnetization increase and reaching the rst peak at
0.34 V. In particular, a rapid decline of magnetization occurs
from 0.34 V to 0.01 V, implying that a large amount of charge
persists to be stored in the reduced Fe nanocrystallite. As soon
as the spin-polarized electrons are released from the metallic
Fe, the rise trend of magnetization is resumed from 0.01 V to
1.38 V in the charge process. Generally, the rst falling and then
rising magnetization variation is highlighted in orange,
revealing the reversibility of the extra capacity in FeOOH LIBs.
Their intrinsic relationship will be discussed in the subsequent
sections (Fig. 3c). Finally, the oxidation of Fe from 1.38 V to 3 V
induces a rapid decline in magnetization. At the end of
voltage range of 0.01–1 V in FeOOH LIBs. (a) Galvanostatic charge–
y under an applied magnetic field of 3 T. (c) Schematic illustrating the
ed ferromagnetic metal grains. (d) Dependence of interfacial charge
mic fitting of the interfacial charge storage process. (f) Illustration of the

This journal is © The Royal Society of Chemistry 2024
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charging, the magnetization intensity cannot return to the
initial negligible level, indicating the incomplete oxidation of
ferromagnetic Fe.20,34,37 These operando magnetometry results
are in good agreement with the electrochemical analysis
process.

To clarify the properties of reduced Fe, the magnetic
hysteresis curve is collected aer the rst total discharge to 0 V.
It shows an unsaturable magnetization without coercive force,
revealing superparamagnetic behavior at the nanoscale
(Fig. 2c). Fitted by the Langevin equation, the diameter of the
resulting superparamagnetic Fe nanoparticles, produced by
lithium-induced conversion, is calculated to be 2.6 nm (Section
I in ESI†). The tting value of saturated magnetization is 84.01
emu g−1, supporting that the enhanced magnetization intensity
originates from the continuous reduction of superparamagnetic
iron nanoparticles. Later, the transformation of FeOOH into
smaller Fe nanoparticles and their dispersion in the Li2O/LiOH
matrix are conrmed by the relevant SAED and HRTEM images
(Fig. S5†). The diameter of Fe nanoparticles is measured to be
2 nm–5 nm, which is consistent with the Langevin tting
results. In this case, the interface between Fe nanoparticles and
the Li2O/LiOH matrix would be expanded to facilitate the spin
polarization coupling for extra capacity.

To further investigate the oxidation states of iron, we con-
ducted a series of characterization tests. The quasi-in situ XRD
patterns of the electrodes (Fig. S6†) exhibit distinct patterns at
varying lithiation states. The voltage indications align precisely
with those shown in Fig. 2b. These patterns reveal that upon
discharging to 1.5 V, the material transforms from a crystalline
into an amorphous state during subsequent cycles. This
observation agreed with previous reports.34,38 Furthermore, only
trace amounts of characteristic Fe peaks were detected in the
following discharge, consistent with operando magnetic
monitoring. Corresponding high-resolution XPS of Fe species
has witnessed their variation in valence (Fig. S7†). Specically,
on discharging to 1.48 V, Fe3+ is gradually reduced to Fe2+,
located at 709.6 eV and 723.1 eV, respectively.39 On discharging
to 0.97 V, Fe0 exhibits a characteristic peak at 706.8 eV and
719.5 eV and completely dominates the spectrum at the end of
the discharge.22 However, aer charging, the signals of Fe0 and
Fe2+ still persist, indicating incomplete reversible electrode
reduction reactions (Fig. S8†). In summary, the XPS ndings
align with the demonstrated electrochemical conversion
mechanism from operando magnetometry.

The electronic structure and the local Fe environments
during cycling between 0 V and 3 V are monitored by operando
EPR at room temperature (Fig. S9†). The initial material shows
a signal at g = 2.004 of lithium metal with the absence of Fe.
This is likely due to strong superexchange interactions between
Fe3+ ions at room temperature, resulting in an overall EPR-silent
state. Upon lithiation to 1.42 V, only a slight drop in lithium
metal signal intensity was observed. Subsequently, with deep
discharging, a noticeable broad peak appeared, which origi-
nated from the delocalized electron in the reduced iron nano-
particles. During charging, the g-factor of delocalized electrons
of Fe shied to g = 2.092, denoted as trivalent.40,41 Upon full
charging, the EPR intensity of the iron oxide state gradually
This journal is © The Royal Society of Chemistry 2024
increased, indicating that the electrode structure evolved with
the oxidation of iron. Although in situ EPR results demonstrated
changes in the electronic structure during the electrochemical
process, it was difficult to perform a qualitative analysis at room
temperature, especially in the oxidation state of iron aer
charging. Therefore, the quasi-in-situ MT testing was used to
clarify the aforementioned issues (Fig. S10†). According to the
Curie–Weiss law, the tted effective magnetic moment of the
charged material is 3.88 mB. Considering the low-spin Fe3+ and
high-spin Fe2+, the calculated proportions of Fe3+ and Fe2+ are
42.3% and 57.7% (see Methods in Section VIII), respectively,
close to their proportions in XPS (Fig. S8†). In conclusion, aer
charging, Fe was not completely oxidized to FeOOH but trans-
formed into LinFeOOH.34

Based on the CV and operando magnetic analysis, the
oxidation of Fe and the decomposition of SEI both exist in the
voltage range above 1 V, which would complicate the elucida-
tion of the mechanism underlying the observed extra capacity.
Hence, a narrow voltage range from 0.01 V to 1 V is selected for
further investigation of extra capacity. As is shown in Fig. 3a,
aer 100 cycles of discharge/charge processes, subsequent
discharge/charge curves completely overlap for the next three
times, accompanied by a coulombic efficiency of approximately
98.4% (Fig. S11†). The average highly reversible capacity reaches
237.1 mA h g−1 aer 200 cycles (Fig. S12†). No reaction plateau
is observed in these curves, indicating the domination of the
capacitive behavior connected with extra capacity in this
applied voltage range. Aiming to obtain a fully reduced elec-
trode for the following operando magnetometry management
within the low voltage of 0–1 V, the FeOOH LIBs underwent an
adequate discharge process at a small current density of 0.05 A
g−1. The operando magnetometry curves (Fig. 3b) vary mono-
tonically as the voltage changes in the same direction. The
magnetization of the electrode descends during discharging
and then rises during charging. This result conrmed that the
accumulation of charge on Fe nanoparticles contributes to the
signicant difference in the magnetization intensity. The
characteristic of spin-splitting orbital energy levels at the
surface of ferromagnetic metal grains imparts rich magnetic
information to the electrode material, coupled with electron
properties (Fig. 3c). The essence of ferromagnetism lies in the
net magnetic moment, that is, the difference in magnetic
moment between spin-up and spin-down electrons. During the
discharge from 0.01 V to 1 V, the surplus electrons occupy the 3d
orbital of iron, thereby shiing the Fermi level of iron towards
higher energy states.9 The numerical preponderance of spin-up
electrons over spin-down electrons in this process is note-
worthy. This results in a continual diminution of the net
magnetic moment of the iron particles, aligning with the
experimental observations of a decrease in magnetization
intensity. During charging, the opposite process occurs where
electrons are removed. Thus, the magnetization exhibited
a reversible decrease and increase in the voltage of the inter-
facial charge zone, inspired by reversible e−/Li+ storage.
Considering the reported theoretical model of interfacial space-
charge storage, we proposed that there is an indispensable
interfacial space-charge mechanism in the FeOOH anode,
J. Mater. Chem. A, 2024, 12, 21873–21883 | 21877
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which is the origin of extra capacity. An abundance of electrons
can be accommodated and evacuated in the spin-splitting
bands of the metallic Fe. Simultaneously, lithium ions
undergo adsorption and desorption along the inner side of the
Li2O/LiOH matrix, which is in contact with and adjacent to the
above Fe nanoparticles. This behavioral mechanism induces
excellent spin-polarized surface capacitance in Fe/matrix
nanocomposites, as shown in the schematic diagram in
Fig. 3f. To further evaluate the extra capacity contribution from
this interfacial space capacitance mechanism, a series of theo-
retical computations combined with thermodynamic tting are
employed. The interfacial spin-polarized charge storage Q can
be quantied by the change of magnetization DM (Section II in
ESI†).42 We estimate a spin-polarized capacity (Q) of
185.3 mA h g−1–225.4 mA h g−1 with a magnetization of 17.4
emu g−1 in the voltage range of 0.01–1 V (Fig. 3b). The calcu-
lated value of the theoretical spin-polarized capacity is consis-
tent with the experimental capacity of 239.1 mA h g−1 (Fig. 3b).
Later, the thermodynamics evidence of the surface charge
storage is shown in Fig. 3d and e. By computing the slope of the
small Q region in the lnQ vs. E curve (Fig. 3d and Section III in
ESI†), the concentration of conduction electrons n is calculated
to be 3.125. This magnitude is in the expectation range of 3 < n <
4 when interfacial space-charge storage remains dominant.43 As
for perfect linearization in the large Q region, the tting g

between 0.163 g (mA h)−1 and 0.159 g (mA h)−1 is consistent
with the ideal value on the order of ∼1.0 (Fig. 3e). The afore-
mentioned results suggest that the liberation of electrons from
the 3d bands of iron dominates the thermodynamics in low-
voltage storage.

Considering the electrochemical behavior of FeOOH
lithium-ion batteries, we implemented a comprehensive
analytical approach. Initially, the galvanostatic intermittent
titration technique (GITT) is applied to assess the kinetic
parameters and diffusion characteristics of the batteries within
0–3 V (Fig. S13a†). The diffusion coefficient of Li+ decreases
aer 1.5 V, indicating that the kinetics of the conversion reac-
tion is slower than the intercalation reaction. Notably, benet-
ting from the spin-capacitance behavior, the diffusion
coefficient increases in a low voltage range, representing a faster
charge transfer dynamics.44–46 This was followed by a detailed
capacitance analysis to elucidate the pseudo-capacitive contri-
butions. The CV curves at different scan rates in 0–3 V are
examined (Fig. S13b†). The capacitive contribution ratio grows
from 28.1% to 48.6% for 0.2 mV s−1 and 1 mV s−1, respectively
(Fig. S13c†). To further conrm the pseudo-capacitance
contribution by interfacial space-charge storage, a similar
dynamics test of the space charge storage is performed within
0–1 V in reduced FeOOH LIBs. All the CV curves exhibit typical
overlapping rectangle-like curves, indicating a reliable capaci-
tance behavior dominated by interfacial space-charge storage
(Fig. S14a†). Moreover, the extra capacity of interfacial space-
charge storage is up to 73.7% at a large scan rate of 5 mV s−1

(Fig. S14b and S14c†). Furthermore, we employed b-value tting
to quantify the charge-transfer processes, enhancing our
understanding of the reaction mechanisms at the electrode–
electrolyte interface (Fig. S13d†). These values suggest that the
21878 | J. Mater. Chem. A, 2024, 12, 21873–21883
electrochemical reaction kinetics are primarily governed by
diffusion-limited behavior at cathodic and anodic conditions,
as indicated by b values close to 0.5. Conversely, at 0.2 V and
0.5 V, the higher b values near 1 suggest a transition to surface-
controlled capacitive behavior in the interfacial space-charge
region.47

TEM images of the SEI lm aer the initial and second full
discharge/charge revealed the quantied evolution of the SEI
lm. As the cycling proceeded, a smooth SEI lm with a thick-
ness of ∼6.8 nm was formed during the initial discharge
(Fig. 4a), whereas a rough lm with a thickness of 2.4 nm was
observed aer charging (Fig. 4b). It indicated that the transition
of the SEI lm is not fully reversible, which can signicantly
deteriorate the coulombic efficiency. Aer the second discharge
and charge, the SEI lm thickness became uneven and
decreased to 4.9 nm (Fig. 4c) and 2.3 nm (Fig. 4d), respectively,
caused by electrolyte erosion and oxidation. Note that the SEI
lm was primarily formed during the initial discharge,
contributing signicantly to the enormous additional capacity
of FeOOH lithium-ion batteries. However, the irreversibility of
SEI leads to capacity fading and a low coulombic efficiency of
77.3% for the rst cycle. To further analyze the composition of
the SEI lm, XPS characterization was performed on the elec-
trode material aer discharge. As depicted in Fig. 4e and f, the
components observed at approximately 290.8, 288.3, 285.7,
283.9, and 283.0 eV in the C 1s spectrum can be attributed to
CO3, O–C]O, C–O, C–H, and C–C bonds in the SEI lm.13,28

With an increase in cycling, the relative content of C–O and
O–C]O in the C 1s XPS spectrum gradually increased, while
CO3 dropped. It could be attributed to the decreased content of
LiOH by the electrode structure change in cycling, because the
LiOH matrix can catalyze lithium ethylene di-carbonate
components in SEI to lithium ethylene mono-carbonate,
resulting in more Li2CO3.48 While Li2CO3 serves as an ionic
conductor, excessive accumulation within the SEI layer could
potentially compromise its uniformity and stability.49 There-
fore, the formation of SEI lm can provide signicant addi-
tional capacity but is irreversible, leading to reduced coulombic
efficiency and poor cycling performance. A robust and revers-
ible SEI lm is anticipated to be a promising direction for future
research endeavors.

To investigate the SEI interface response and the phenom-
enon of reverse capacity decay, electrochemical impedance
spectroscopy (EIS) was employed in FeOOH LIBs under different
charge/discharge states (Fig. 4g and h). The equivalent circuit
diagram is presented in Fig. S15.† During discharge from 1.2 V
to 0.01 V, a distinct semicircle curve appeared in the high-
frequency range, exhibiting typical SEI characteristics. Upon
charging, there was no signicant change in impedance until
up to 1.5 V, in which the SEI-related impedance (Re) decreased
to 89.6 U, indicating the decomposition of SEI lm. Addition-
ally, as the metal iron particles partially oxidized, the charge
transfer impedance (Rct) began to increase, and the two
impedances overlapped into a single semicircle aer charging.
The evolution of SEI lm was further detected by the high-
resolution XPS of O 1s (Fig. S16†). Upon discharging to 0 V,
three characteristic peaks located at 532.8 eV, 531.3 eV and
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 SEI and dynamic characterization of FeOOH LIBs. TEM images after the first discharge to (a) 0.01 V and (b) 3 V as well as the second
discharge to (c) 0.01 V and (d) 3 V. (e) and (f) Corresponding high-resolution XPS C 1s spectra for (a) and (c), respectively. Nyquist plots and fitting
plots (g) during discharge and charge and (h) after various cycles. (i) Impedance comparison.
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529.2 eV were attributable to C]O, Li2CO3/ROCO2Li and LiOH/
Li2O.28 The SEI composition remained stable at 1 V until O–H
and O–Fe bonds emerged at the end of the charge. A compar-
ison of impedance and tting parameters during discharge to
0.01 V at increasing cycles is shown in Fig. 4i. With increasing
cycles, Re decreased signicantly, suggesting irreversible
degradation of the SEI lm. However, a slight increase in Re was
observed aer 200 cycles. The unstable SEI lm could account
for the reverse capacity decay, which may be related to electrode
material pulverization or SEI lm cracking.5 These character-
ization results indicate that the SEI lm in FeOOH LIBs exhibits
incomplete reversibility, adversely affecting the electrochemical
performance of the battery.

Inspired by the promising reversible interfacial capacitance,
a reduced FeOOH//AC asymmetric supercapacitor is designed to
carry it forward. The principle of the reduced FeOOH//AC
lithium-ion capacitor (LIC) is shown in Fig. 5a. The double-
layer cathode AC can absorb the anion PF6

− quickly, while the
This journal is © The Royal Society of Chemistry 2024
pseudo-capacitor anode can store the cation Li+ and improve
the specic capacity of the device. However, considering that
the interfacial space-charge mechanism chemical kinetics in
the pseudo-capacitor anode is far superior to the redox
dynamics, we optimize the electrochemical voltage window of
the capacitor, and only the interfacial space-charge effect in the
anode is selectively retained. Thus, we preliminary took a set of
measurements to determine the capacitive voltage range of 1.5–
3.5 V (Fig. 5b and S17†). The quasi-rectangular shape cyclic
voltammograms of the LIC demonstrate the dominant behavior
of capacitance at both high and low scan rates.50,51 The galva-
nostatic charge/discharge curves for the device reveal the
discharge time growth with the expansion of the voltage range
from 3.1 V to 3.5 V (Fig. 5c). In the meantime the corresponding
energy density is remarkably improved to 140.4 W h kg−1,
achieving one of the best electrochemical performances in
previous reports (Fig. S18a and Table S1†).52–62 Accordingly, the
potential window of 1.5–3.5 V is chosen to further evaluate the
J. Mater. Chem. A, 2024, 12, 21873–21883 | 21879
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Fig. 5 Designed application of interface capacitance in the asymmetric reduced FeOOH//AC lithium-ion capacitor. (a) Illustration of the
capacitance behavior in the reduced FeOOH//AC LIC. (b) CV curves at various scan rates. (c) Galvanostatic charge/discharge voltage profiles
across different voltage ranges at 0.2 A g−1. (d) Long-term cycling performance and corresponding coulombic efficiency within a voltage range
of 1.5–3.5 V at 1 A g−1. The inset shows galvanostatic charge/discharge curves at a constant current density of 1 A g−1.
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electrochemical performance. The galvanostatic charge/
discharge (Fig. S18b†) shows nearly symmetric triangular-
shaped curves at different current densities from 0.1 to 2 A
g−l, implying the combination of the faradaic process and the
non-faradaic process. The presence of the non-faradaic process
would provide extra capacitance for the capacitor.63,64 Further-
more, the long-term cycling test is conducted at 1 A g−1 over
1000 cycles and reveals a high-capacity retention of 99.6%
(Fig. 5d). Superior to the traditional type, our home-designed
LIC combines the virtues of double-layer capacitance and the
spin-polarized capacitance of a Li-ion battery to enhance output
energy capabilities.
Conclusions

In conclusion, beyond the perceived lithium storage mecha-
nism involving intercalation–conversion reactions, the ultra-
high extra capacity from interfacial space charge storage is
deeply investigated on a well-dened FeOOH electrode by
operando magnetometry technology, and the dynamic evolu-
tion is illustrated in Fig. 3f. Using typical thermodynamic and
kinetic modeling analysis, the interfacial space-charge storage
mechanism, especially in spin-polarization capacitance
behavior, is determined at the interface between Fe nano-
particles and the matrix from 0 V to 1 V, revealing remarkable
reversibility at 237.1 mA h g−1 even aer 200 cycles. It is the rst
time to make a quantication of the interfacial space-charge
21880 | J. Mater. Chem. A, 2024, 12, 21873–21883
storage effects in such an electrode system. We also found
that the incomplete reversibility of the SEI lm poses a severe
detriment to the charge conversion efficiency and durability of
the battery. Further, with engineering by the interface spin-
capacitance, the novel LIC devices achieve excellent capacity
retention with a high energy density of 140.4 W h kg−1. The
ndings would provide an advanced method to reveal the
underlying mechanism in the closed electrochemical space and
make a breakthrough in the quantitative analysis of availa-
ble extra capacity.
Experimental section
Material preparation

Firstly, 0.48 g iron(II) sulfate heptahydrate (FeSO4$7H2O) was
dissolved in a mixed solution (40 mL H2O and 5 mL glycerin),
followed by vigorous stirring for 60 minutes to form a homoge-
neous solution. Then the solution was transferred into a 50 mL
Teon-lined stainless-steel autoclave and a hydrothermal
process was carried out that lasted 12 hours at 110 °C. Aer
natural cooling, the precipitate was collected by ltration,
washed with deionized water and ethanol, and dried at 60 °C
overnight, respectively. Finally, a yellowish-brown solid, deno-
ted as FeOOH, was obtained.
This journal is © The Royal Society of Chemistry 2024
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Characterization

The crystal structure of the samples was characterized by X-ray
diffraction (XRD) using a Bruker Discover 8 Diffractometer with
Cu-Ka radiation (l = 1.5406 Å). The valence states and surface
compositions were analyzed by X-ray photoelectron spectros-
copy (XPS) on an Axis Ultra DLD spectrometer equipped with
a Mg Ka source (hn = 1283.3 eV). The morphology of the as-
prepared samples was examined using a JEOL JSM-7100F eld
emission scanning electron microscope (SEM) and trans-
mission electron microscope (TEM).
Electrochemical measurements

The electrochemical evaluation was conducted with CR2032
coin cells by applying lithium metal as an anode. Active elec-
trodes were made from homogeneous slurries containing
70 wt% active material, 20 wt% conductive carbon Super P, and
10 wt% carboxymethyl cellulose (CMC) in deionized water, and
subsequently coated onto copper foil. The electrolyte consisted
of 1 M LiPF6 dissolved in a mixture of ethylene carbonate (EC),
dimethyl carbonate (DMC), and ethyl methyl carbonate (EMC)
in a volume ratio of 1 : 1 : 1. All CR2032 coin-type cells and so-
packaging cells for magnetometry were assembled in an argon-
lled glovebox. Galvanostatic charge/discharge performance
and cyclic voltammetry (CV) curves were measured using
a Neware battery system (CT-ZWJ-40S-T-1U) and an electro-
chemical workstation (CHI660E), respectively. The reversible
specic capacities were calculated based on the mass loading of
the anode materials. A pure Super P electrode was prepared
from homogeneous slurries containing 70 wt% Super P and
30 wt% CMC in deionized water. Activated carbon (AC) was
mixed with conductive carbon Super P and CMC in a weight
ratio of 7 : 2 : 1 to form the cathode of supercapacitors. Before
testing in a low-voltage range and the assembly of super-
capacitors, the FeOOH LIBs underwent a reduction process,
specically by discharging them to 0.01 V to form Fe/matrix
interfaces. The reduced FeOOH//AC asymmetric super-
capacitors were constructed using preactivated cathode and
anode materials with a mass ratio of 1 : 1.5.
Magnetic characterization

The magnetic properties were measured using a physical
property measurement system (PPMS, Quantum Design) at
a temperature of 300 K. The magnetism was assessed in
response to the electrochemical processes of so-packaging
cells driven by CV measurements or galvanostatic charge/
discharge under a magnetic eld of 3 Tesla. All specic mass
magnetization intensities were quantied based on the mass of
FeOOH.
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