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ABSTRACT

Iron oxide (FeOs;) is an intriguing anode material of electrocherm&gergy storage
systems such as rechargeable batteries. The radiesign of its nanostructure at mild
condition to cope with the issues of low reversibégacity and sluggish kinetics is
required. Herein, an efficient, facile, and potalhyi large-scale synthesis approach
using the precursor of laminated iron oxychloride®aniline heterostructure and
mild annealing is developed, yielding uniqgueGg@carbon nanocomposites with
hematite nanoparticles (~ 20 nm) that embeddedtiogen/chlorine-doped carbon
nanodisk (N/CI-C). Given the benefit of abundanivacsites, good chemical contact
between carbon and K&, and robust composite structure, the as-prepared
FeO;@N/CI-C anode material delivers competent lithiwun-istorage properties,
including high reversible capacity of 1010 mAR g¢based on the mass of the
as-prepared nanocomposite) at 0.1 A decent rate performance upon a rigorous
current change, and superior cycling stability wa6 mAh ¢ after 180 cycles as
well as a sustained Coulombic efficiency of abo®¥® This structural design may
provide a new avenue for achieving efficient ironde-based materials in chemical
and electrochemical applications such as catalylibjum-ion batteries, and
sodium-ion batteries.

Keywords. Iron oxide; nitrogen/chlorine-doped carbon; regeable batteries; iron

oxychloride; polyaniline



1. Introduction

Versatile iron oxides such as Jog and FeO, have been developed for diverse
applications such as catalyst§ biomedicine!®, chemical adsorptiof’, and gas
sensing®. Considering their high chemical stability, abunidalemental resources,
nontoxicity, and high theoretical capacity, irondes are also regarded as intriguing
anode materials for rechargeable batteries sucHitl@am-ion and sodium-ion
batteries®®. For instance, R®s;, as a naturally occurring material, shows an
impressive theoretical capacity of about 1007 mAHhhgt is 2.7 times larger than that
of graphite. However, its application was hindetsd sluggish electronic and ionic
transport, large volume change upon ion storage, sewere agglomeration of active
material during cycling, which led to poor cyclimerformance and low reversible
capacity of FgO; electrodes’®.

To cope with the above issues, two kinds of effectitrategies, including design of
nanostructures and preparation of composite métehiave been develop€d?. The
formation of nanoscale materials could facilitate teversible ion storage of J&&
because of abundant active surface, the decreabe ion diffusion length, and the
alleviation of lattice strain by volume chan§é&™®, thereby achieving enhanced
reversible capacity. The combination of nanoscag¥f with a second phase or a
ductile and conductive matrix such as carbon malteri conducting polymer could
further improve its electrochemical properti®'®. For instance, Zhou el al. used a

template-engaged redox reaction and a subsequeealarg to fabricate a ladder-like



a-Fe03 nanostructure at a high temperature of 800 °Csfbr which showed good
structural stability against repeated lithiati8. Ni et al. reported that surface
sulfurization of electrochemically anodized,Be nanotube arrays (about 1y in
thickness) or a low-valent iron and nitrogen dugpidg of FeO3; nanorods on carbon
cloth achieved significant enhanced charge camagrisport and reaction activity, thus
enabling large reversible capacity and outstanditg capability**?°. Kang et al.
synthesized hollow F®; nanospheres embedded in an amorphous carbon matrix
through a multistep heating of an electrospun pseruThis unique hollow structure
could accommodate the volume variation upon cyciffigZzhang et al. designed a
FeOs@carbon material with robust yolk-shell structumehich was formed by
etching the Si@ layer of FeO;@SiOQ,@carbon and allowed the lithiation induced
expansion of the 65 core, and thus contributed to a superior cycliaiity 722
The SiQ layer can also avoid the reduction reaction oftQzeduring the
high-temperature (600 °C, 3 h) carbon coating mec&imilar design concept has
been used to synthesize the multishelledOg@SnQ@carbon material with an
active intermediate SnQayer . Although some achievements on the@ganode
materials have been obtained, the rational strattlesign and scalable preparation of
high-performance R©s;-based materials without high processing cost andptex
technologies are still highly desired.

Herein, we report a new facile, efficient, and loast approach using a

FeOCl@polyaniline precursor with a laminated hetenwture to synthesize a series

of hematite@carbon nanocomposites, which consistnitfogen/chlorine-doped



carbon nanodisk (N/CI-C) and hematite nanopartittias are uniformly embedded in
the amorphous carbon nanodisk. The evolution oficgire, composition, and
morphology of the precursor upon annealing has Isystematically investigated.
The as-prepared Fe;s@N/CI-C shows good contact between the carbon xnatrdl
FeOs, robust composite structure during lithium-ionratge, and abundant active
sites, thereby achieving superior electrochemieafgpmance with a high reversible
capacity of 955 mAh § after 180 cycles at 0.1 Al*gThe relationship between the
structure and electrochemical properties of therapared F£;@N/CI-C materials
has been elucidated.

2. Experimental

2.1 Synthesis of materials

Iron oxychloride (FeOCI) was fabricated using a nowcave heating method. The
FeCk-6H,0 (Aladdin, ACS) was loaded in a glass bottle aedtéd in a microwave
oven (700 W) for 3 min. The obtained product of E¢@as washed using acetone
(Lingfeng, AR) to remove the residue Fg€pecies and dried at 60 °C for 10 h under
vacuum. The as-prepared FeOCI| material (2 g) waeddhto the purified aniline
solution (2 ml, 98%, Alfa Aesar) with constant matja stirring at 50 °C for 18-36 h
under argon atmosphere, yielding the FeOCI@polyenil[FeOCI@PANI) materials.
Then, this precursor was heated at 200 °C for hdeuargon atmosphere, followed
by a further annealing at 300, 350, 400, 450, & 3D for 5 min (heating rate: 5 °C
min™) to prepare the iron oxide/carbon materials. fnahe product was washed

with ethanol, and then dried overnight under vaca®0 °C.



2.2 Materials characterization

X-ray diffraction (XRD) data were recorded by usirg Rigaku SmartLab
diffractometer (Cu-l& radiation). Elemental (vario EL Ill, USA) and theal
(NETZSCH 449 F3) analyses were carried out to nreathe nitrogen and carbon
contents in the as-prepared materials. The Fouragrsform infrared spectroscopy
(FTIR) spectra were collected on a Thermo Nicolekid 670 Spectrometer (400 to
4000 cm' wave number range). Raman spectra were obtaired i Raman
spectroscopy (Labram HR800, 532 nm laser beam). Ti@phology and
microstructure were investigated using the fieldssmon scanning electron
microscopy (FE-SEM, Ultra55) and transition elestroicroscopy (TEM, Tecnai G2
F30 S-Twin). X-ray photoelectron spectroscopy (XPSXIS UltraDLD) was
conducted to characterize the bonding state amdegltal components.

2.3 Electrochemical measurements

The electrodes were fabricated using a commonyskoating approach. The active
material, carbon black, and polyvinylidene fluoril@VDF) binder (weight ratio,
8:1:1) were mixed in the N-methyl-2-pyrrolidone (Y solvent to make a slurry,
which was coated on a clean and dried Cu foil &ed dried overnight under vacuum
at 80 °C. Electrochemical half-cells (CR2032) wassembled using the working
electrode of the as-prepared electrode, the sepav&tCelgard 2400 film, and the
lithium metal foil anode. The electrolyte was a 1LN?Fg in ethylene carbonate (EC),
dimethyl carbonate (DMC), and diethyl carbonate @@Evolume ratio, 1 1: 1).

The charge and discharge testing were performen asNeware battery system in a



voltage range of 0.01-3 V versusALii at room temperature. Cyclic voltammetry (CV)
tests at a scan rate of 0.05 mV were conducted using a Bio-logic (VMP3)
electrochemical workstation in a voltage range.6f.@3 V versus LLi.
3. Resultsand Discussion
Fig. 1 shows the schematic preparation process of hex@itrogen/chlorine-doped
carbon (FeOs@N/CI-C) materials and XRD patterns of FeOCl, Fe@EANI, and
FeO;@N/CI-C materials. The high-efficiency transfornoati (~91%) from
FeCk-6H,0 to FeOCI was achieved by the microwave heatimgpfdy 3 min. This
approach is much convenient for producing FeOClpamed to the chemical vapor
transport (CVT) at 3768C for several days and the thermal decompositidi8ai250
°C for several hour§*?¥. Upon the aniline treatment for 18 h, the as-prep&eOCI
material showed a large interlayer expansion aaduly intercalation by polyaniline,
as demonstrated by the disappearance of the (04iD) aiffraction peak at 11.2° (7.9
A) and the formation of a new diffraction peak a#% (13.8 A) *>?% This
intercalation occurred because of the interactetmvben the aniline monomer (-NH-)
and the chlorine in the interlayers of FeOCI by thiemation of the hydrogen bond
(H-CI). The polyaniline layer was subsequently fednn the interlayers through the
oxidative polymerization by the Fe(Fe—Cl) of FeOCI, thereby forming a laminated
heterostructure consisting of FeOCI and polyanitirenolayer$?>?”.

The elemental analysis (Supplementary EA) manifesteat the as-prepared
laminated FeOCI@PANI (18 h) possessed a polyandoraponent of about 15.1 wt%

(20.5 at%) on the basis of the detected carbonné&nagen contents. The prolonged



aniline treatment to 36 h kept the phase struaififleOCI@PANI, and led to a slight
increase in the polyaniline content to 16 wt% (2%)a yielding a formula of
PANIy 2JFeOCI. This content is much higher than 17 at%hef pireviously reported
polyaniline-intercalated FeO&f, in which the FeOCI material prepared by the CVT
method showed a large particle size and requireehyalong time of six days for the
full polyaniline intercalation. This further indies the facile and highly efficient
preparation of FeOCI| by the microwave heating. Muez, a higher polyaniline
content is beneficial to the formation of a moréeegrated polyaniline layer in the
interlayers of FeOCI. Upon a further treatment & h the layered structure was
destroyed because of the excess decrement of théMReeCl) by the polymerization
reaction; instead, the ultrafineFe,O; phase (PDF card No. 72-469) was formed (Fig.
S1) 8 indicating the formation of the F&;@PANI material, although a small
fraction of the FeOCI@PANI material still existed.

The as-prepared laminated FeOCI@PANI material |38ds annealed under argon
atmosphere to fabricate the iron oxide/carbon nasemt different temperatures,
which were selected according to the results ofttie@mal analysis (Fig. S2a). A
continuous weight loss occurred during the heapiroggess. The initial weight loss in
the thermogravimetric (TG) curve at about 150 °G wlaminated by the release of
the adsorbed water, followed by the loss of aniahitoride species from PANI at
about 200 °G?°*% The following weight loss is due to the decomfiosiof FeOCI
and polyaniline. Fig. 1c shows the XRD patternshef annealed samples. Upon the

annealing at 300 °C, theFe,O3 with a small grain size of about 19 nm (basedhan t



Scherrer's formula) was formed, indicating the degosition of FeOCl component in
the laminated FeOCI@PANI material. The byproductiroh chloride species was
removed during the washing process using organivesb Meanwhile, the
crosslinking of the PANI chains and the reorgam@abf carbon and nitrogen bonds
occurred®. The decomposition of FeOCI was completed at aB60t°C according
to the formation of an endothermic reaction at teraperature and a plateau region in
the range of 350-400 °C in the differential scagnaalorimetry (DSC) curve (Fig.
S2). The samples treated at higher temperatur@®fand 400 °C also showed the
reflections ofa-Fe,0O3 materials with increased grain sizes of about 2@ 29 nm,
respectively. The EA results demonstrated that#tbon and nitrogen contents in the
samples decreased from 15.7 to 15.2 wt% and ineded®m 2.5 to 2.8 wit%,
respectively, upon an annealing temperature inerdemm 350 to 400 °C. The
chlorine content in the as-prepared materials lvgllanalyzed later. Note that the (110)
and (104) peak ratio increased after the 400 °Gaimg, which may be due to the
formation of few FgO, from the reduction reaction of ¥&; by the amorphous
carbon that was produced from the decompositionPANI. This reaction was
confirmed by a prolonged annealing for 15 min a #ame temperature that the
distinct diffraction peaks of F®, were formed in the XRD pattern (Fig. S3). The
further increase in the annealing temperature th°45also led to the formation of a
mixture of FeO3; and FgO, (PDF card No. 72-2303) (Fig. S3), indicating ti&ious
reaction between K@z and carbon. The pure & was formed at 500 °C.

Fig. 2 shows the electron microscopy results of the apgred materials. The



distinct expanded interlayers of FeOCI by the icdatation of PANI were observed
from the High-resolution TEM (HRTEM) images (Figa-8). This confirms the peak
shift in the XRD patterns. A distinct lattice digion was also observed after this
intercalation. The SEM image (Fig. S4) showed thatpolyaniline was also coated
on the surface of the as-prepared FeOCI| nanoflakedicating the excellent
combination between FeOCI| and polyaniline from riaiger to surface layer. The
following annealing resulted in the formation ofistinct and uniform cookies-like
morphology of nanodisks embedded with ultrafine apamticles (Fig. 1a and Fig.
2g,h), which showed an increase in the particle sig the annealing temperature
increased. These nanopatrticles showing a partreie/gize of ~20 nm are determined
to a-FeO3; phase by TEM, HRTEM, and the corresponding fasirieo transform
(FFT) pattern (Fig. 2e,f). This is consistent W&RD result for the annealed materials.
The annealing at 400 °C led to the severe aggldioaraf these nanopatrticles into an
integrated nanoplate in the amorphous carbon nskodiatrix (Fig. 2i). This
nanodisk morphology was destroyed upon the anrealira higher temperature of
450 °C because of the reaction betweefe,0O; and the carbon matrix, which also
caused the formation of §&, polyhedrons at 500 °C (Fig. S4). The EDS analfgsis
the as-prepared samples (Fig. S5) indicated tleanhitihogen element was introduced
into the sample by the PANI intercalation, whichcaled to a decrease in the chlorine
content due to the polymerization of aniline. Atlier decrease in the chlorine content
occurred by the annealing at 300 °C because ofddwmmposition of FeOCl, as
confirmed by the decrease of the chlorine to irtoméc ratio (Cl/Fe: from 0.6 to

10



0.36), which tended to be stable at 350-400 °CHEI# 0.15). This also demonstrated
the full decomposition of FeOCI that was observadthe DSC curve. The TG
analysis (Fig. S2b) for the as-prepared@z&carbon nanocomposites derived at 350
and 400 °C indicated that their total carbon, g, and chlorine contents are 23.7
and 22.6 wt%, respectively. Their chlorine conterais be calculated to be 5.5 and 4.8
wit%, respectively, by considering the carbon aritbgen contents derived from the
EA results. The explicit elemental composition bé tas-prepared Fe;@N/CI-C
materials are therefore obtained.

Fig. 3 shows the FTIR and Raman curves of the as-prepaaterials. The FeOCI
material showed a characteristic absorption bamacaind 500 cih that is ascribed to
the Fe-O stretching vibratio”, which was kept after the PANI intercalation that
induced the formation of evident PANI signals i trange of 600-1600 ch(Table
S1). For instance, the quinonoid ring and C-C atmméng stretching vibrations
appeared at 1569 and 1493 tmespectively. The AnHsignal at 745 and 687 ¢hn
the aromatic C—H in-plane bending modes betwee® &0# 1170 ci, and the C-N
stretching mode at 1315 and 1250 tmvere also observel®*Y. The following
annealing led to the formation of dominant signatsited at 549 and 467 &mwhich
are related to the Fe-O stretching vibrationiRe,0; 2. The carbon-based signals
are weak because of its low content in the as-peelpaanocomposites; however,
some evident changes upon annealing can still berebd. The disappearance of the
bands at about 687, 745, and 1140'@uggested the full deprotonation of PANI by
annealing. The signals of the benzene ring at 493 and aquinonoid ring at 1569

11



cm* were weakened and shifted to higher positionss Thay be ascribed to the
crosslinking of carbon-based chains and rearrangeofecarbon and nitrogen bonds.
The peak of the C-N in-plane stretching modes 881#hd 1250 cih moved toward
a lower position***! Furthermore, the bands at 1164 and 826' ecmay be
correlated with C-Cl bonds. The band at 1164 @hifted toward a higher positon at
a higher annealing temperatuf®. A new signal appeared at 756 trmay be
attributed to the formation of phenazine units iy bond breaking and cross-linking.
The as-prepared FeOCI material shows characterBéiman peaks of Fe-O
stretching vibrations at 334, 370, and 638'cffhe band at 200 cthmay be related
to the Fe-Cl bond**® For the as-prepared FeOCI@PANI material, theirdist
signals of PANI are detected (Table S2). For instaithe C-C stretching vibrations
were reflected at about 1559 and 16187crthe C-N" (charge delocalization)
vibrations were correlated to the band at aboufx34. A broad region around 1190
cm* was ascribed to the C-N stretching vibrations an@-H bending vibration of
quinonoid rings. The several weak bands betweenan@0900 crit were attributed
to deformations of aromatic rin§&. The Fe-O signal was not shown in the Raman
spectrum because the surface of the FeOCI@PANIrialatgas covered by PANI
(Fig. S4)B8. When the laminated FeOCI@PANI was annealed at°8)Cthe five
bands between 200 and 600 tappeared because of the formation-6fe,05 294,
Moreover, the characteristic Raman peaks of PANamieared; instead, the weak
signal corresponding to carbonaceous material vaerged. The evident G and D
bands at 1559 (a weak shoulder at 1410)cand 1295 cil B2*Y respectively, was

12



shown by the annealing at 350 °C. The increaseéd oéis/lp implicated an enhanced
ordered carbon structure. However, this ratio desad after the annealing at 40
This may be caused by the slight reduction readi@tween carbon andFe05 9.

Fig. 4 shows the XPS spectra of the C 1s, N 1s, and Gb2the FeOCI@PANI
and FeO;@N/CI-C materials. The C 1s spectrum collected fritra surface of
FeOCI@PANI exhibits deconvoluted peaks of C-C/C284(5 eV), C-N/C=N/C-H
(285.1 eV), C-N/C=N'/C-CI (286.0 eV), and C=0/C-O (288.9 e¥3*3. After the
annealing at 350 °C, a strong signal at 284.8 éAtae to carbonaceous material and
a secondary peak at 286.0 eV (C-N/C-O/C-Cl) werseoked (Fig. 4a}***°. This
indicates the formation of N/Cl-doped carbon maletn addition, the minor peak at
288.9 eV may be attributed to the C=0/C(d)&) which could hardly be detected for
the samples annealed at 450 and %DQFig. S6). This bond may indicate the well
chemical combination or interaction between thEeO; nanoparticles and carbon
nanodisk matrix; however, it was weakened by thghéy temperature annealing
because of the reaction betweefre;O3 and carbon to form @, For the N 1s
region spectra (Fig. 4b), three deconvoluted coraptsncentered at 399.5 (-NH-),
400.4 (polaron), and 401.9 eV (bipolaron) are ot&di for the as-prepared
FeOCI@PANI material®. The corresponding pyridinic nitrogen (N-6) at 3@V
and pyrrole or pyridone nitrogen (N-5) at 400.5w¥fe produced in the as-prepared
Fe,0s@N/CI-C material (350°C) ). These nitrogen species were also formed in
other carbon materials prepared by pyrolyzing pessnand were beneficial to
modify the polarity and electron distribution ofrisan, thereby improving ion

13



diffusion “®l. A new peak at 401.4 eV appeared by the anneatid§0°C, which led
to the breaking of N-5 bond to form a quaternatyogien species (N-3J”. However,
upon the further increase of the annealing temperathe content of N-6 and N-Q
decreased compared to that of N-5. This may betaldkat the N-6 and N-Q were
consumed by the aforementioned internal reactiothefas-prepared Fes@N/CI-C
material. Consequently, N-Q was depleted at 0. The CI 2p signals did not
show evident variation before and after annealfdistinct pair of Cl 2p peaks was
located at 198.5 and 200.1 eV for the as-prepaefdF@PANI material®®°Y. This

Cl 2p signal was derived from the PANI coating hessathe pure FeOCI exhibited the
Cl 2p signal at 198.8 and 200.4 &¢. Similar Cl 2p peaks were obtained in the
as-prepared RLO;@N/CI-C materials, although the PANI component Heesen
pyrolyzed to carbon after the annealing. The chirloping in the carbon material
was considered to be helpful to enhance the elgtrical active sited®>®!

Fig. 5 shows the electrochemical properties of theOs@N/CI-C electrodes for
lithium storage. The CV profiles in the initial dgs of the FgO;@N/CI-C-300,
FeO;@N/CI-C-350, and F©;@N/CI-C-400 electrodes exhibited explicit redox
peaks. The irreversible cathodic reactions in tfs¢ ¢ycle may be associated with the
reduction of some oxidative groups of carbon matgebove 1.5 V vs Li/LY) and the
formation of solid-electrolyte interphase (SEI) day(below 1.0 V vs Li/Li) &%,
which caused capacity loss and low initial Couloenbfficiency (CE). The redox
reactions in the following cycles showed good reimlity, as confirmed by the well
overlapped CV curves. The high reversibility algmmdnstrates that the formation of

14



the SEI layer was completed in the first cycle rébg contributing to a decreased
electrochemical polarization and thus the emergeasfcdistinct cathodic peak at
higher potential in the following cycles. This cadlic peak is ascribed to the lithiation
of F&O; to form Fe and LO by a two-step transformation reacti&A®®. The
corresponding multi-step oxidation reaction from°F® FE* can be well
distinguished from the broad anodic region of 13-2 vs Li/Li*. Although the
as-prepared three M&-based electrodes present similar CV profiles, the
discrepancies can still be observed. TheOs@N/CI-C-300 showed the largest
cathodic current drop, which may be caused by ¢és&lue oxychloride according to
the high chlorine content and also some unstalganics that were not carbonized.
The FeOs;@N/CI-C-350 electrode demonstrated an evident ingatoreversibility.
Moreover, it had a lower charge and discharge wgeltagap than the
FeO;@N/CI-C-400 electrode due to that the smalj@zenanoparticles were kept
without agglomeration in the carbon matrix at adownnealing temperature.

Fig. 5d-f show the discharge and charge profilethef FeO3@N/CI-C electrodes
at 0.1A g'in the 1st, 2nd, 5th, and 10th cycles. The speciigacity was calculated
on the basis of the total weight of the as-prepdre:;@N/CI-C material in the
electrode. The RO®;@N/CI-C-300, FgO;@N/CI-C-350, and F©;@N/CI-C-400
electrodes deliver discharge capacities of 1245363.6 and 1271.5 mAhgat the
first cycle, respectively. The corresponding Coubmrefficiencies are 62.3%, 74.1%
and 65.0%, respectively. The JIB@N/CI-C-350 electrode possesses the best
reversibility at the first cycle. This is consistenth the CV result. In the following

15



cycles, the median voltages of the discharge amadgehcurves are very close to the
voltages of cathodic and anodic peaks in the CVepa, respectively. The evident
voltage plateaus were observed during dischargeefiexted by the distinct cathodic
peaks in the CV patterns. The high reversible aapacs kept for the
FeOs@N/CI-C-350 electrode. For instance, the@#N/CI-C-350 electrode has a
reversible discharge capacity of about 980 mAtagthe 10th cycle. This capacity is
much higher than 621 and 755 mAh! gof the FeOs@N/CI-C-300 and
FeO;@N/CI-C-400 electrodes, respectively. The higherpacity of the
FeO;@N/CI-C-350 electrode may be ascribed to the eificuse of smaller and well
distributed FgO3; nanoparticles in the carbon nanodisk with moravaclithium
storage sites such as N-5 and C-Cl species. Theréwersible capacity of the
FeO;@N/CI-C-300 electrode may be caused by the aforgoresd insufficient
carbonization of PANI and decomposition of FeOCl lth@ugh the
FeO;@N/CI-C-300 material has a uniform morphology ohodisk embedded with
fine nanoparticles (Fig. 2g). The aggregation ofTzearticles (Fig. 2i) at a higher
annealing temperature of 40 led to a reduced reversible capacity of the
FeO;@N/CI-C-400 electrode. The result of rate perforogafFig. 5g) showed that
the FeOz;@N/CI-C-300 electrode also exhibited depressed capability with very
low discharge capacities of 256 mAH gt 1 A g* and 60 mAh g at 2 A g~ In
contrast, the F©3;@N/CI-C-350 electrode achieved high discharge dépamf 764
and 576 mAh g at the same current densities, which are 73.1%5&M% of the
reversible capacity at 0.1 A'gn the second cycle. These values are also high th
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459 (54.7%) and 343 mAh’g(40.8%) of the F&;@N/CI-C-400 electrode. When
the current rate was switched to 0.1 A lgigh discharge capacities of 1060.4 and 840
mAh ¢! was recovered for the F@;@N/CI-C-300 and R©;@N/CI-C-400
electrodes, respectively, indicating their admieatdte capability upon large current
rate change.

The long-term cycling (Fig. 5h) at the low curreate of 0.1 A ¢ was carried out
to investigate the cycling stability of the JOB@N/CI-C electrodes. The
FeO;@N/CI-C-300 electrode suffered from a large cayas#tcay upon cycling, and
only 359.9 mAh ¢ was produced after 180 cycles. This capacity denay be
related to the dissolution of residue chloride gmedn the FgO;@N/CI-C-300
material. Both the RF©;@N/CI-C-350 and F&®;@N/CI-C-400 electrodes exhibited
good cycling stability with a high Coulombic efigeicy of about 99% and discharge
capacities of 955 and 762 mAR! grespectively, after 180 cycles. The prolonged
cycling further demonstrated the good cycling stigbof the FeO3;@N/CI-C-350
electrode, which maintained a high stable discheagecity of 995 mAh §after 500
cycles at 0.5 A (Fig. S7). This performance is superior or compigrao those of
some typical previously reported J8-based materials (Table S3) such as Cu-doped
Fe,0s (841 mAh @/80 cycles)*” Fe0;@NiMoO,-S (1001 mAh §/100 cyclesf*®,
3D netlike FeQ/C (851.3 mAh g/50 cycles)®, yolk-shell FeOs@C (1013 mAh
g4/80 cycles)*”, MWCNTH-Fe0; (723 mAh ¢/310 cycles)®®, hierarchical
hollow TiO, @Fe0s (530 mAh /200 cycled$®, and FeOs-carbon nanofibers (820
mAh g/100 cyclesjY. Moreover, their preparation approaches such lasgtime
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hydrothermal synthesis with high pressure, spedehplate or matrix, and
high-temperature treatment are not required for aase, in which a new efficient,
facile, and potentially scalable preparation sgptes developed. The FE-SEM and
TEM images of the R®;@N/CI-C-350 material after a long cycling at 0.1gA
showed that the agglomeration of the®enanoparticles was not observédg; 6);
instead, the particle size of && in the carbon nanodisk was refined by the repeated
conversion reactions. Importantly, the pristine pmmiogy of the nanodisk embedded
with FeO3; nanoparticles was maintained, indicating the roboesnocomposite
structure of the as-prepared ,©e@N/CI-C-350 material and thus the superior
cycling stability.

4. Conclusions

In summary, we have designed uniguEe,Oz@cabon nanocomposites composed of
N/Cl-doped carbon nanodisk and hematite nanopestigia a new approach that
annealed the precursor of laminated FeOCI@PANIrbstieicture at a mild condition.
This precursor was prepared by an efficient micnevaynthesis of FeOCI and a
subsequent facile polyaniline intercalation. ThemhBte nanoparticles were
uniformly embedded in the dual-doped amorphousararianodisk matrix with good
contact through both physical and chemical intévast The as-prepared composite
structure can provide abundant active sites foectiffe ion storage and afford the
volume variation during cycling. Consequently, geeprepared RO;@N/CI-C-350
electrode achieved a high reversible capacity al6@® mAh @ and maintained 955
mAh g' after a long cycling of 180 cycles at 0.1 AH, gndicating its superior

18



lithium-ion storage ability and cycling stabilityhis high reversible capacity can also
be recovered after a rigorous current rate changéhé range of 0.1~2 Ah'gy
suggesting the decent rate performance. Our prdposeerial design as well as the
facile, efficient, and potentially scalable synikestrategy thereof are expected to
produce high-performance iron oxide-based anode enmid for various
electrochemical energy storage systems. They mag bk extended to other

applications such as catalysis and chemical adsarpt
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Fig. 2. TEM, HRTEM, and the corresponding FFT patterngapfb) the as-prepared
FeOCl, (c, d) laminated FeOCI@PANI, (e, fyBe@N/CI-C-350. SEM images of the
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Fig. 6. (&) SEM and (b) TEM images of the,Pe@N/CI-C-350 electrode after 120

cycles.
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Developing a novel, facile and scalable synthesis approach for hematite/carbon
nanocomposites

N/Cl-doped carbon nanodisk-encapsulated hematite anode shows robust structure
for Li-ion storage

High reversible capacity, decent rate capability and superior cycling performance

are achieved
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