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Abstract
High-capacity electrodes with an ultrathin layer configuration represent a suitable
component for modern microbatteries. Herein, we report a simple approach consisting of

spin-coating and subsequent heat treatment to achieve a single-layer electrode of Fe;04@TiO,
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core-shell submicron spheres. The single-layer electrode operates via conversion and insertion
reactions with lithium, which is favored by a thin carbon interlayer between the active
particles and the copper substrate, without any polymeric binder or nanosized conductive
additive. The lithium-ion reaction kinetics and charge transfer characteristics are enhanced by
the fine morphological tuning of the electrode particles as well as by the thin carbon interlayer.
Indeed, lithium cells using the Fe;04@TiO, core-shell submicron spheres and thinnest carbon
interlayer exhibit a life that extends over 400 cycles with excellent capacity retention and very
high rate capability. These characteristics facilitate the application of the proposed electrode

in high-performance Li-ion microbatteries.
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1. Introduction DOI: 10.1039/C9SE00259F

1.1 Lithium-ion microbatteries

The lithium-ion microbattery represents an emerging system that is particularly suitable for
miniaturized tools in the electronics! and medical fields,? as well as for the market in electric
vehicles.> Hence, a continuously increasing need for high-energy content has triggered
research and development efforts aimed at developing new materials characterized by thin-
film configurations, high-energy content, suitable stability and reliability, and low cost.* The
latter factor particularly affects the practical, large-scale diffusion of efficient and high-energy
materials for microbatteries.’ Indeed, a thin film with high performance, in terms of its energy
density, cycle life, and suitable scalability to the microbattery level generally requires very
complex synthetic pathways characterized by a particularly relevant economic impact.>% Cost-
effective microbatteries may be useful in medical applications such as heart pacemakers and
artificial body appendixes,? while large-scale diffused electronics and electric vehicles require
cheap energy storage systems. -7 Rechargeable thin-film microbatteries are currently growing
in popularity in view of possible applications as wearable energy storage systems® and are
particularly suitable for advanced medical devices,’ aerospace systems, miniaturized
electronics, and side roles in new generation electric vehicles (EVs) and renewable energy
storage systems (ESSs).!>1? Indeed, active materials with a high energy content and minimal
size play a key role in promoting the large-scale diffusion of these systems, which can
accommodate only miniaturized cell components, i.e., cathode, anode, separator, and

electrolyte.!>!19 Recent works described

1.2 Cathodes for Li-ion microbatteries
LiCoO; is the most diffused cathode of rechargeable lithium microbatteries according to
various preparation techniques including radio frequency (RF), magnetron sputtering,!! pulsed

laser deposition (PLD),'>!3 chemical vapor deposition,'# and electroplating.!> By contrast,

2
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hydrothermal'® and sol-gel thin film production were attempted!”-'8 because ultrahigh erfgrgyece orioe
density can be reached exclusively by using a single-layer electrode and avoiding inactive
multiple layers. A thin-film LiMn,O, spinel is considered a suitable alternative for
microbatteries since it exhibits comparable specific capacity to LiCoO,, can be used at high
voltage, and employs the abundant lowly toxic element manganese. LiMn,0, thin films have
been developed for microbatteries with various thicknesses and porosity degrees by
electrostatic spray deposition (ESD),!” pulsed laser deposition (PLD),?° radio frequency (RF)
magnetron sputtering,?'>3 reactive electron beam evaporation (RBE),?** and sol-gel
pathways.?6 Among the cathodes, lithium rich, manganese and nickel substituted lithium
cobalt oxides (i.e., Li;+xNi,Mn,Co.0,) represent the most energetic and promising materials
for Li-ion battery.?” An inkjet-printed 3D, Li-rich NMC cathode (Lij 2+,Mng 54Nig 13C0¢.1303,
0<x<0.05) with capacity of about 250 mAh g was recently proposed as a suitable material.
The separation of the large agglomerates from the cathode by centrifugation has led to active
material with a size of less than 140 nm which was considered well meeting the requirements

for ink-inkjet of cathode suitable for microbattery application.’® An olivine-structured

LiFePO, cathode has slightly lower voltage than LiCoO, and comparable capacity; however,

Published on 22 July 2019. Downloaded by KEAN UNIVERSITY on 7/29/2019 1:53:21 PM.

it is characterized by a very long cycle life and rate capability.?’ In addition, this material may
be very suitable for thin-layer configurations since its morphology may be finely controlled at
the micro- and nanometric levels both in the laboratory’® and in large-scale production
plants.3! Hence, this material is considered a promising candidate for application in high-

performance microbatteries.?%-32

1.3 Anodes for Li-ion microbatteries
Lithium metal thin films are commonly used as high-capacity anodes in Li microbatteries33.
However, Li suffers from issues ascribed to dendrite formation and possible internal cell short

circuiting.3* Therefore, the use of high-capacity thin film anodes has considered an effective
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approach in achieving efficient Li-ion microbatteries with an enhanced cycle life’> "Thig::orioe

0.10

configuration was indicated as particularly favorable for use in miniaturized microbatteries in
which the surface nature and configuration play a relevant role in achieving high performance
in terms of the energy density and rate capability.’ Physical vapor deposition (PVD)*¢ and
chemical vapor deposition (CVD)?7 have been proposed as suitable strategies for preparing
thin films with limited concentrations of conductive materials and polymeric binders to
increase the energy density. Electrodeposition and pinning were proposed as suitable
preparation techniques and alternatives to PVD and CVD, which are affected by limiting
factors such as poor film uniformity depending on the characteristic delivery of reactive gases,
complexity, relevant cost, and the formation of undesired byproducts.®® Thin layers and
nanostructured materials confined in matrixes of various natures based on lithium-alloying
reactions (e.g., silicon,3** tin,* and germanium*’) as well as metal oxides reacting with
lithium according to a conversion mechanism (e.g., copper oxide*® and iron oxides**7) have
been studied as alternative high-capacity anodes. The thin film and nanostructured
configurations were able to buffer the relevant volume changes during the electrochemical
processes of these high-capacity electrodes, which are particularly severe during Li alloying,*®

as well as the high polarization of the Li-conversion reaction.*®

Despite a capacity limited to 160 mAh g! and a relatively high working voltage (about 1.5
V), LiyTis0;, (LTO) represents a useful anode material for microbatteries owing to its modest
volume expansion during cycling and hence an excellent cycle life.324%3° Therefore, LTO was
successfully prepared for this matter by using sol-gel,’!*? pulsed laser deposition,> and
magnetron sputtering.>* Furthermore, microbatteries with complex electrode designs can be
prepared by using anode materials such as Ni-Sn alloy and TiO,, which can be electroplated
or sputtered by atomic layer deposition according to topologically complex objects.

Accordingly, electrodeposited Ni-Sn anodes have been successfully prepared as high-

E00259F
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performance 3D thin films,* while anatase TiO, film suitable for use in microbgtteries, was:; io

obtained by using atomic layer deposition.>>

Single layers of spherical particles have been studied in a variety of fields such as photonic
crystals,>® optical sensors,>’ biosensors,’® photovoltaics, and light manipulation devices.®® In
this work, we propose a single layer of core-shell-type iron oxide@titanium dioxide
(indicated by the acronym Fe;04@TiO;) submicron spheres having a high energy density as
an alternative electrode for lithium-ion microbatteries. The electrode advantageously avoids
undesirable supplementary interfaces between the liquid electrolyte and the active material
and delivers a high specific capacity and long cycle life in a lithium cell. The TiO, shell
accommodates the volume expansion of the iron oxide core material, thus allowing for
relevant electrochemical, chemical, and thermal stability. Single particles of the electrode are
connected via point adhesion to a thin carbon interlayer formed on the surface of the copper
foil substrate. This avoids the use of the polymeric binders and conductive material typically
employed in electrode preparation. Furthermore, the thin-film electrode exhibits a relatively
low irreversible capacity at the first cycle, low polarization, excellent rate capability, and

remarkable capacity retention.

Published on 22 July 2019. Downloaded by KEAN UNIVERSITY on 7/29/2019 1:53:21 PM.

Hierarchical Fe;O, hollow spheres with unique structural features, prepared by
solvothermal synthesis using Fe—glycerate hollow spheres, exhibited excellent
electrochemical lithium storage performance, with capacity ranging from 1200 to 500 mAh g
I, current values from 0.5 A g'' to 10 A g!, and cycle life extending up 100 cycles.b! A metal—
organic framework (MOF)-assisted strategy was used for the synthesis of a hierarchical
hybrid nanostructure composed of Fe,O; nanotubes assembled in Co3;04 host. The material
revealed excellent electrochemical performance in lithium-ion batteries, with capacity ranging
from 700 to 500 mAh g'!, current values from 0.1 A g'! to 2 A g!, and cycle life extending up

80 cycles (Nano-Micro Letters 2018, 10, 44).2 A self-assembled flower-like Fe;0,4/C

5
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architecture was synthesized via two-step method including a solvo-hydrothermal 'selfceonoe
assembly process and a high temperature in situ carbonization process.®> The flower-like
Fe304/C showed a capacity ranging from 1100 to 500 mA h g™! at current from 0.1 to 4.6 A g
I, and cycle life extending to 1000 cycle.®® Furthermore, anatase nano-TiO,/carbon hybrid
material synthesized by a simple tailored sol—gel pathway was proposed as anode material for
lithium battery.® The nano-TiO,—C hybrid material delivered from 170 mA h g™! to 60 mAh
g ! at current extending from 0.01 to 5 A g7!, and cycle life up to 1000 cycles.** A nanosized
rutile TiO, prepared by sol-gel technique was also proposed for application in lithium ion
battery with a capacity ranging from 200 to 100 mAh g™! and rate capability from 0.07 to 10
A g1.9 Several nanostructured conversion-type anode materials with adequate characteristics
were reported in a recent review paper.®® For a suitable comparison with the material studied

herein, Table 1 summarizes the performances of Fe;0,4 and TiO, anodes suitable for possible

application in Li-ion micro battery.
Table 1

The most relevant point of our work, beside the various iron oxide and titanium oxide-based
electrodes reported in literature,5'-¢ is represented by the synthesis of a binder free single
layer of Fe;04-Ti0, spheres rather active material powder. The key aspects of this electrode
setup with respect to previous works®’ are represented by the high practical capacity due to
the absence of polymeric binder, and, at the same time, the particular suitability for

miniaturized battery, such as the microbattery, due to the single layer design.

2. Experimental Section

Materials: ~ Methacrylic acid (MAA, purity 99%, Sigma  Aldrich) and
ethyleneglycoldimethacrylate (EGDMA, TCI) were used without further purification. a,o’-
Azobis (isobutyronitrile) (AIBN, Junsei) was recrystallized to remove inhibitors from

methanol before use. Ammonium hydroxide (NH4OH, ~28%, Daejung Chemical), distilled
6
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water, acetonitrile (AN, Daejung Chemical), and ethyl alcohol (anhydrous, 99.9%, Sam¢liufy):s o
were used as the solvents. Iron (II) chloride tetrahydrate (Wako), iron (III) chloride anhydrous
(Junsei), titanium (IV) butoxide (Sigma-Aldrich), polymethylsiloxane (PDMS, Sylgard 184,

Dow Corning), and polyvinyl alcohol (PVA, Mw = 8.5 x 104 to 12.4 x 104 g mol") were
used as received. The above abbreviations, i.e., MMA, EGDMA, AIBN, AN, PDMS and
PVA will be used in the subsequent paragraphs for describing polymer name and synthesis.
Preparation  of  monodisperse  poly(MAA/EGDMA)  microspheres:  Crosslinked
poly(MAA/EGDMA) microspheres (20 wt. %) were used as sacrificial template and prepared
through a distillation-precipitation-polymerization process according to our previous paper.®’
The reaction was performed in a glass reactor without mechanical stirring. MAA (16 g) and
EGDMA (4 g) were mixed and polymerized for 90 min at 88 °C in a medium consisting of
AN (136 g), deionized water (24 g), and AIBN (0.4 g). EGDMA and AIBN were used as a
crosslinker and an initiator, respectively. After polymerization, the remaining residues were
removed and purified by centrifugation several times with ethanol and distilled water. The
precipitates were then dried in a vacuum.

Preparation of core-shell-type o-Fe;O;@TiO, submicron spheres: Poly(MAA/EGDMA)

Published on 22 July 2019. Downloaded by KEAN UNIVERSITY on 7/29/2019 1:53:21 PM.

microspheres (1 g) were placed in a four-neck flask with DI water (1000 g) and dispersed in
an ultrasonicator for 10 min. The solution was stirred and purged with N, gas for 2 h at 200
rpm to evenly disperse the particles and remove oxygen from the reactor. Then, iron (II)

chloride tetrahydrate (2.35 g) and iron (I) chloride hexahydrate (0.87 g) (3.69:1 mole ratio)

were dissolved in DI water (250 g), poured into a flask, and continuously stirred for 24 h.
After the products were centrifuged several times with ethanol and DI water at 3600 rpm (to
remove the residue), the products were re-dispersed in DI water (1000 g). The solution was
then bubbled with N, gas for 2 h to remove oxygen from the solution. Subsequently, the

ammonium hydroxide solution (5 ml), which was used as a reducing agent, was added under
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mechanical stirring at 200 rpm. The products were centrifuged several times with ethanolarid- s o
DI water at 3600 rpm to remove the residue. The iron oxide precursor/poly(MAA/EGDMA)
microspheres were then re-dispersed in ethanol 99.9% (1000 g). Titanium (IV) butoxide

(0.0014 mol) was dissolved in ethanol (250 g) and poured into a reactor containing the iron
oxide precursor/poly(MAA/EGDMA) microspheres. A sol-gel reaction was carried out for 1 h,
5 h, or 24 h. After the products were centrifuged several times with ethanol at 3600 rpm (to
filter the residue), they were dried in a vacuum. Subsequently, the dry powder was heat
treated by raising the temperature to 450 °C at a rate of 3 °C min™! and holding at 450 °C for 4
h under an air flow.

Preparation of single-layer electrode with Fe;0,@TiO, core-shell submicron spheres: The a-
Fe,O3@Ti0, core-shell submicron spheres obtained above were assembled on the PDMS film
by hand rubbing, that is, a fine manual forced dispersion of selected powder into the substrate
used as the electrode support. The pre-polymer and the crosslinking agent were mixed in a
beaker (10:1, w:w). The mixed PDMS polymeric solution (12 g) was poured onto a
polystyrene Petri dish and placed in an oven at 50 °C for 6 h. PVA powders (10 g) were
dissolved in DI water with a magnetic stirrer spinning at 900—1000 rpm at 70 °C. The PVA
solution was filtered by a sieve with a mesh size of 30 um. The as-prepared a-Fe,O3@TiO,
powder was placed on the PDMS film and spread by hand rubbing. A PVA film was coated
on the copper foil by a spin-coating method (5000 rpm for 10 s) using a PVA solution (5
wt.%). Air bubbles were removed from the viscous PVA solutions by vacuum pumping.
Before the PVA film was completely dried, the single-particle layer on the PDMS substrate
was moved to the PVA film via stamping. When the PVA film was completely dried, PDMS
was exfoliated from the single-particle layer/PVA/Cu foil. After removal of PDMS from the
a-Fe,0O;@Ti10,/PVA/copper foil, heat treatment was conducted for 4 h at 600 °C under an
argon atmosphere to obtain the final electrode (Fe;O04@TiO,). Circular electrodes were

punched for cell application with a geometric surface of 1.54 cm?. Further details on the
8
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preparation scheme and the characteristics of each synthesis step are reported, irtsthes: ot
manuscript and the Supplementary Information (SI) section.

Characterization: All products were characterized with optical microscopy (OM, B-51,
Olympus), X-ray diffraction (XRD, D/MAX RINT 2000, Rigaku), scanning electron
microscopy (SEM, JSM-6300, JEOL), focused-ion beam scanning electron microscopy (FIB-
SEM, Hitachi S-4800, Hitachi), transmission electron microscopy (TEM, JEM-2000EX,
JEOL), high-resolution transmission electron microscopy (HR-TEM, JEM-2100F, JEOL),
high resolution (HR) TEM-based X-ray spectroscopy (EDX) elemental mapping analysis, and
X-ray nano-imaging with an accelerator using synchrotron radiation (XNI-7C, Pohang
Accelerator Laboratory). The carbon interlayer was analyzed with an elemental analyzer
(FLASH EA1112, ThermoFisher Scientific) and characterized by Raman spectroscopy.
Electrochemical properties: Electrochemical characterization was carried out using 2032
coin-type cells. The coin-type cells were assembled in a glove box under an argon atmosphere.
Li metal foil (1 mm thick) was used as a counterelectrode, and the commercial electrolyte was

composed of a 1-M LiPFg salt in an ethylene carbonate/diethyl carbonate solution (EC/DEC,

1:1 by volume, provided by Techno Semichem Co. Ltd., Korea). The electrochemical

Published on 22 July 2019. Downloaded by KEAN UNIVERSITY on 7/29/2019 1:53:21 PM.

performance was studied in the voltage range between 0.02 and 3 V at various current
densities to evaluate the rate capability of the electrode, as well as at a constant current
density of 3000 mA g! for the life-cycle determination. The gravimetric capacity and specific
currents of the electrodes were referred to the overall mass including the iron oxide spheres
and the carbon interlayer. Before the latter long-term cycling test, the cell was subjected to a
formation protocol consisting of various cycles at increasing currents within 0.02 and 3 V,
that is, 25 mA g!' (2 cycles), 50 mA g! (5 cycles), 100 mA g! (5 cycles), 250 mA g! (5
cycles), 500 mA g (5 cycles), and 1000 mA g! (5 cycles). Electrochemical impedance
spectroscopy (EIS) measurements were performed after the rate capability test by using a

Zahner Elektrik IM6 analyzer at frequencies ranging from 5 MHz to 100 kHz with an
9
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amplitude of 50 mV. Lithium half-cells with bare Fe;0,,° anatase® and rutile™ TiQ, sapiples:: orioe
with sub-micrometric or nanometric size characterized in previous works were prepared and
studied for comparison. The cells were cycled at C/5 rate (1C = 1007, 170, and 335 mA g’!
for Fe;04, anatase and rutile TiO,, respectively). Voltage limits 0 — 3 V for Fe;O,and 1 -3 V

for Ti0,.

3. Results and discussion

Figure 1 illustrates the scheme adopting the core-shell-type a-Fe,O;@TiO, submicron
sphere synthesis and the polymer-template preparation of the single-layer Fe;04@TiO,
microelectrode. The synthesis of a-Fe,O;@TiO, submicron spheres begins by achieving a
precursor of iron oxide within microspheres obtained by crosslinking MMA and EGDMA, as
reported in the Experimental section. The optical microscopy (OM) images of the sample at
each stage of preparation are reported in Figure S1, which shows the poly(MAA/EGDMA)
microspheres swollen in DI water (Fig. Sla), the sample after the addition of the iron oxide
precursors, that is, ferrous ions Fe?" and ferric ions Fe3* (Fig. S1b), and the sample after the
addition of NH4OH (Fig. Slc).

The dissolved positive ions (i.e., Fe** and Fe3") diffuse into the poly(MAA/EGDMA)
network owing to their electrostatic attraction to the negatively charged polymer chains and
cause slight shrinking of the swollen poly(MAA/EGDMA) microspheres (Fig. S1b). The
subsequent addition of NH4OH increases the pH and leads to the formation of iron oxide
precursors within the polymer microspheres, which slightly increase in size (Fig. Slc). The
TiO, shell is coated on the surface of the iron oxide precursor/poly(MAA/EGDMA)
microspheres by a sol-gel process using titanium butoxide (see scheme of Fig. 1). It is worth
mentioning that carboxylic acid groups in poly(MAA/EGDMA) stabilize the precursor in an

aqueous solution and significantly enhance the affinity of the microspheres for the

10
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prehydrolyzed tetrabutyltitanate (i.e., titania oligomers), thus leading to the formatipn ofac: e
TiO, shell well coated over the surfaces of the iron oxide/poly(MAA/EGDMA) microspheres.
Figure 1

Figure 2 (a, b) shows the Fourier transform infrared (FT-IR) spectra, while Figure S2 (SI)
shows SEM images of precursors collected from each synthesis step described above. All
samples reveal a spherical and uniform morphology, with the particle size slightly increased
for the iron oxide precursor (Fig. S2c¢) compared to the bare poly(MAA/EGDMA)
microspheres (Fig. S2a). After coating the TiO, shell onto the precursor, the morphology does
not change significantly. Furthermore, the FT-IR spectra of the three samples before TiO,
coating (Fig. 2a) show one broad peak at 3448 cm!' and two sharp peaks at 1473 and 1397
cml, corresponding to the typical adsorption of the hydroxyl and methyl groups on MAA
molecules, as well as absorption peaks at 1269 and 1171 cm™! corresponding to the adsorption
of C-O-C in EGDMA molecules.®’

In particular, the iron oxide/poly(MAA/EGDMA) microsphere precursor (red line)

evidences the characteristic peak corresponding to asymmetric bands at 858-831 cm’! that are

most likely attributed to Fe-O-Fe absorption. This is absent for the bare

Published on 22 July 2019. Downloaded by KEAN UNIVERSITY on 7/29/2019 1:53:21 PM.

poly(MAA/EGDMA) microspheres (black line), thus suggesting actual iron oxide formation
in the polymer matrix. Upon TiO, coating, the FT-IR spectra (Fig. 2b) show a broad
absorption band at 627 cm! likely corresponding to the Ti-O-Ti stretching motion,”! and
absorption peaks at 1628 cm! and 1402 cm! that suggest a relevant content of water and
residual organic groups, respectively, in the sample.”! Core-shell-type a-Fe,O;@TiO,
submicron spheres and, for comparison, bare a-Fe,O; submicron spheres without TiO,
coating, are obtained upon heat treatment in air of the above two samples. The single-layer
microelectrodes (scheme in Fig. 1) are assembled by polymer template coating of the
submicron spheres on copper foil and subsequent heat treatment (annealing) at 600 °C under

an argon atmosphere (see Experimental section).
11
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Figure S3 (SI) shows OM images and digital photographs of PDMS films assembled ‘witli- "o

E00259F

bare a-Fe,O3; and core-shell-type a-Fe,O;@TiO, submicron spheres before annealing. The
figure reveals that the TiO, shell coating has a remarkable effect on the assembly of the
particles on PDMS films. Indeed, the bare a-Fe,O; submicron spheres appear heterogeneously
dispersed and aggregated on the surface, while the core-shell-type a-Fe,O;@TiO, submicron
spheres are compact and uniformly distributed, most likely owing to the optimal surface
characteristics of the particles. After annealing under argon, the electrode surface color
changes from red to black owing to carbonization of the PVA interlayer used for electrode
preparation and to possible crystal structure modification. In order to investigate the
abovementioned carbon interlayer, Raman spectroscopy is performed and reported in Figure
S4 (SI) for Fe;04@TiO, core-shell submicron sphere electrodes.

The spectrum reveals two main peaks at around 1350 and 1580 cm™! owing to the D and G
bands of carbon, respectively.”> The G band is associated with the allowed E2g optical modes
of the Brillouin zone center of crystalline graphite, while the D band is attributed to disorder-
allowed phonon modes that become Raman active as a result of a lack of long-range order in
amorphous graphitic materials.”? The relative intensity ratio of the D and G bands, ID/IG, is
known to provide information related to the structural characteristics of carbon. The ID/IG
ratio of Fe;O4@TiO, core-shell submicron spheres after the heat treatment was found to be
0.69, thus indicating that the thin carbon interlayer formed between the single layer of
particles and the copper foil substrate is represented by amorphous and crystallized
carbonaceous material. The presence of the latter amorphous carbon is also suggested by a D
band which shows a full width at half maximum (FWHM) slightly greater than 100 cm-!, and
is likely owing to the relatively low temperature adopted for the synthesis.”?

Fig. 2c shows the X-ray diffraction patterns, and the corresponding Rietveld refinement
(computed patterns) of the o-Fe,O3;@TiO, core-shell submicron spheres and of the

microelectrode prepared using this material upon heat treatment at 600 °C. The figure, and the
12
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Table 2 summarizing the results of XRD patterns Rietveld refinement, evidencg, that ‘61%:: 710
(w:w) of the pristine a-Fe,Os phase (hematite, ICSD # 88418) is converted into a Fe;0, phase
with mixed spinel structure (magnetite, ICSD 85177) by reduction during the heat treatment,
while possible reflections of TiO, shell coated on the Fe;O, submicron spheres cannot be
clearly detected. This is most likely owing to the low relative amount of TiO, due the adopted
materials ratio during synthesis (see experimental section). Therefore, the final electrode is
indicated by Fe;04@Ti0; since Fe;0,4 phase is predominant compared to Fe,O3. Furthermore,
Table 2 evidences the expected raise of the crystallite size from about 50 nm to 100 nm
induced by the heat treatment at 600 °C.

Figure 2

Table 2

Figure 3 reveals the morphological features performed by SEM (Fig. 3a—d), HR-TEM (Fig.

3e-h), and STEM (Fig. 3i), as well as the STEM-EDX elemental mapping (Fig. 3j-1) of bare
a-Fe,O; submicron spheres and core—shell-type a-Fe,O3;@TiO, submicron spheres

synthesized by adopting various sol-gel reaction times for the TiO, shell coating. In addition,

the figure shows the high-magnification SEM images (Fig. 3n) and cross-sectional image (Fig.

Published on 22 July 2019. Downloaded by KEAN UNIVERSITY on 7/29/2019 1:53:21 PM.

3m) of Fe;04@TiO, core-shell submicron spheres coated on copper foil (see Experimental
section for details). The bare a-Fe,O; submicron spheres (346 nm) have a rough surface (Fig.
3a), while the surface of the a-Fe,O;@TiO, submicron spheres becomes progressively
smooth and their diameter increases as the sol-gel reaction times increase for coating the TiO,
shell from 1 h (Fig. 3b) to 5 h (Fig. 3c) and to 24 h (Fig. 3d).

The modification of the particle morphology is further evidenced by the HR-TEM images
of the bare a-Fe,O; (Fig. 3e) and the particles subjected to a sol-gel reaction at increasing
times (Fig. 3f, g, and h). In particular, the formation of the TiO, shell is revealed by the inset
in Fig, 3h, which shows a clear fringe separated by 0.22 nm corresponding to the (004) lattice

plane of Ti0,.>> The STEM image of core-shell-type a-Fe,O3;@TiO, submicron spheres (Fig.
13
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3i) and the corresponding elemental mapping (Fig. 3j-1) clearly show that titanigm;and-s o
oxygen are distributed throughout the shells of the particles while iron is located in the
submicron sphere core. This suggests a TiO, coating over the entire o-Fe,O; submicron
sphere. Furthermore, the internal structures of the samples appear quite different when
examining HR-TEM images that were randomly selected from an extended group of particles.
In this scenario, previous works demonstrated that the core of the particle whit hollow, rattle,
and hollow-porous structures are mainly formed by Ostwald ripening during the heat
treatment.”*”> The high-magnification SEM image (Fig. 3n) with an inset of an X-ray image
observed from the accelerator using synchrotron radiation and, in particular, the cross-
sectional image (Fig. 3m) of the Fe;04@TiO, core-shell electrode coated on copper foil,
clearly indicate that spherical particles of about 300 nm are placed according to a single layer
on a carbon interlayer of about 85 nm that coats the copper substrate. Therefore, the electrode
may be considered as a single uniform layer of Fe;04@TiO, core-shell submicron spheres
without any overlapping. In addition, the inset of SEM image in Fig. 3m, showing a cross-
sectional detail of the Fe;04@TiO, core-shell particles, evidences partially-hollow core which
may be induced by possible shrinking of the material core by annealing at 600 °C under Ar
used to obtain the single layer electrode. This morphology is particularly suited for
application in microbatteries that may benefit from a top-down or bottom-down 3D
microelectrode configuration. This leads to a miniaturized size of the cell and, at the same
time, high performance in terms of delivered capacity and rate capability.’
Figure 3

We subsequently characterized the material in the lithium cell in order to determine the
actual applicability of the core-shell-type Fe;04@TiO, submicron-sphere single layer (Figure
4). It is worth mentioning that the positive impact of TiO, coating on a-Fe,O3 nanospheres
has been already demonstrated in bulk electrode for lithium-ion battery application which

revealed a relevant improvement of the electrochemical performances with respect to bare
14
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iron oxide nanospheres in terms of cycle life and stability.” Therefore, we have studied:thg:: orioe
TiO, coated nanoparticles as the most suitable material for forming our monolayer
nanospheres substrate for application in Li-ion microbattery, while bare and uncoated
materials where only considered to clarify the synthesis and structure of the material, rather
than the electrochemical performances. Figure 4a shows the galvanostatic charge/discharge
profiles during the 1%t 274, and 3™ cycles at low current rates of 25 mA g-! (1%t and 2"¢) and 50
mA g (3'). The first cycle reveals an initial capacity of about 718 mAh g, coulombic
efficiency of 72.3%, and a different discharge profile compared to the subsequent cycles
owing to the formation of a solid electrolyte interface (SEI) layer on the surface of the active
material,”’ as well as to the structural reorganization of the electrode upon the conversion
reaction between Fe;0,4 and Li.47-78

During the second and third cycles, the columbic efficiency remarkably increases to values
higher than 96% as the SEI layer is consolidated.” Further insight on the reaction mechanism
of Fe;04@Ti0, core-shell submicron spheres is provided by the dQ/dV plots reported in Fig.
4b. Interestingly, the figure evidences electrochemical activity with lithium in both Fe;O04 and

of TiO,. During the cathodic process, the peaks at ~0.97 V and ~0.81 V may be ascribed to

the two steps of the lithiation reactions of Fe;O4 [Fe;O4+ 2Li" + 2e- + Liy(Fe;04) and

Published on 22 July 2019. Downloaded by KEAN UNIVERSITY on 7/29/2019 1:53:21 PM.

Liy(Fe304) + 6Li — 4Li,0 + 3Fe], respectively,?*3! while the small peak at 1.72 V results
from Li* insertion into the TiO, shell. The anodic process evolves with a double merged peak
at ~1.9 V, which is related to the reverse oxidation of Fe? to Fe;0,4, and a minor peak at ~2.3
V owing to the extraction of Li* from TiO,.” During subsequent cycles, the peaks shift and
their shapes change, particularly compared to the first discharge (cathodic) process. This is
attributed to the abovementioned reorganization of the material structure and SEI film
formation.4777.78

It is worth mentioning that the cell shows a reduction in the charge/discharge polarization

by cycling, and the voltage profiles become centered at an average voltage of about 1.1 V.
15
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The rate capability of the electrode is evaluated by charging the cell at 50 mA g !Vanidee orioe
increasing the discharge current from 25 to a value as high as 5000 mA g! within a voltage
ranging from 0.02 to 3.0 V. The cycling response of this test is reported in Fig. 4c, while the
voltage profiles are illustrated in Figure S5 (SI). Significantly, the cell delivers first-charge
specific capacities of 519, 493, 496, 495, 491, 476, 440, and 420 at 25, 50, 100, 250, 500,
1000, 2500, and 5000 mA g, respectively. This suggests an excellent rate capability of the
single layer of Fe;04@TiO, core-shell submicron spheres.

Furthermore, the test reveals an increase in the delivered capacity to about 580 mAh g! as
the current is lowered back to 50 mA g-!, which may be associated with an activation process
of the material induced by a suitable modification of the structure and enhancement of the SEI
in terms of the ion conductivity by cycling, as already observed for other materials.?? Indeed,
continuous cycling may actually lead to a progressive increase in the number of active sites
where lithium ions can react, thus enhancing the reversible capacity.®®> The optimal
electrode/electrolyte interphase allowing for such a relevant rate capability is further
evidenced by an electrochemical impedance spectroscopy test of single-layer electrodes after
the test with the lithium cell (Fig. 4d). The corresponding Nyquist plot is studied by a
Nonlinear Least Squares (NLLSQ) fitting using a Boukamp tool3*%5 using an equivalent
circuit of the type R.(R;Q)Q, where, besides the electrolyte resistance R., the (R;Q;) element
represents a medium-to-high-frequency semicircle ascribed to the electrode/electrolyte
interphase. This includes the SEI film, charge transfer resistances as the voltage after cell
relaxation was below 2V, and constant phase elements (CPE), while the low-frequency
element (Q;) is the tilted line ascribed to the common Warburg diffusion of the lithium ions
into the electrode/electrolyte interphase and the geometrical cell capacity.®¢ The
electrode/electrolyte interphase resistance obtained in Table S1 (SI) for the electrode used in

the cycling with a carbon interlayer 85 nm thick is about 100 €, that is, a low value that well

justifies the high rate capability.
16
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The cycle life of the single-layer electrode is subsequently evaluated by continndgstycs oo
charging/discharging the cell at a current density as high as 3000 mA g-!' (Fig. 4e). In order to
avoid a capacity increase during the cycles by the abovementioned activation process, the cell
is subjected to a formation protocol prior to testing, as reported in the Experimental section.
The cell delivers a very stable capacity over cycles at constant current and reaches a
significantly high steady-state value of about 480 mAh g!. Figure S6 in SI reports the
comparison of lithium half-cells using bare submicron Fe;0y4 (panel c),®® anatase (panel a)®
and rutile (panel b)’° TiO, and Fe;04@TiO, submicron spheres (panel d) cycled at C/5 rate
(see experimental section for details). The figure clearly shows the improvement promoted by
the electrode configuration in the Fe;04@Ti0O, submicron spheres compared to the bare Fe;O4
nanoparticles cast onto Cu. Despite the bare Fe;O4 reveals higher capacity during the first
cycle with respect to Fe;04@TiO, submicron spheres, the latter shows remarkably higher
stability as ascribed to its optimal configuration. Furthermore, the comparison of the cell
performances of Fe;O4 samples (Fig. S6 b, ¢) with TiO, samples (Fig. S6 a, b) suggests very
limited contribution of the titanium oxide to capacity values and voltage shapes of iron oxide,

thus revealing the latter as the most electrochemically relevant part of the electrode and

reasonably excluding interactions between TiO, and Fe;O4 which are supposed to lead to a

Published on 22 July 2019. Downloaded by KEAN UNIVERSITY on 7/29/2019 1:53:21 PM.

change in the voltage shape of the active material in lithium cell.

The excellent rate capability and retention, even at very high current, may be attributed to
the optimal morphology and structure of the Fe;O4@TiO, core-shell submicron spheres, as
well as to the tin carbon interlayer interposed between the single active layer and the Cu
current collector as already evidenced by the cross-sectional SEM image of Fig. 3m.
Furthermore, the cross-sectional SEM image of the electrode after long-term cycling (Fig. 4f)
reveals a relevant modification of the sample morphology owing to substantial SEI layer
formation over the Fe;O04@TiO, submicron spheres, which remain well attached and adherent

to the surface of the copper foil throughout the carbon interlayer. Taking into account a
17
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reversible capacity of about 500 mAh g, an average working voltage of aboyt 1,1 Vsvgice oo
Li*/Li, and possible combination of the studied anode in a full cell with a
LiNig 33C0033Mng 330, (NMC) cathode which has a reversible capacity of about 170 mAh g,
and an average working voltage of about 3.8V vs. Li*/Li,}” we can estimate the practical
energy density of the Li-ion microbattery using the core-shell-type Fe;O4@TiO, submicron
spheres. The above estimation requires a suitable N/P ratio (negative to positive capacity
ratio), which is herein supposed of about 1.1.2° Considering an average mass loading of about
150 pg cm? of the anode, and the above mentioned N/P ratio and specific capacities, we can
calculate for the cathode a mass loading of about 400 pg cm?. Addition inactive weight
contribution, of the same order of the cathode and anode weight, may be considered for
electrolyte and current collectors. Therefore, basing on the anode and cathode loadings and
their working voltages in half-cell, and taking into account the inactive weight, the above
Fe;04@Ti0,/NMC full-cell may reach an estimated practical specific capacity of about 80
mAh g and average voltage of about 2.7V, thus a practical energy density of about 220 Wh
kg! which is in line with that obtained in new generation Li-ion battery. In is worth
mentioning for comparison that graphite generally delivers a capacity approaching 350 mAh
gl at about 0.3 V vs. Li*/Li, while the electrode studied herein delivers a capacity
approaching 600 mAh g! at 1.1V. These data suggest that possible negative effect of the
higher anode discharge voltage of Fe;04@TiO, with respect to graphite in full cell may be
mitigated by the benefit of the higher specific capacity. Furthermore, various bonuses such as
missing lithium plating and electrode delamination represent additional safety advantages of
the material proposed herein for Li-ion microbattery.
Figure 4

In order to evaluate the effect of the carbon interlayer between Cu and the Fe;0,@TiO,

core-shell submicron spheres on the rate capability of the electrode, we performed cycling

tests by gradually increasing the thickness. This procedure was particularly adopted to detect
18
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the optimal carbon interlayer thickness suitable for achieving high electrode performange: it 7ioe
Li-ion microbattery. Figure 5 shows cross-sectional SEM images of three electrodes with
carbon interlayer thicknesses of (a) 186 nm, (b) 235 nm, and (c¢) 382 nm, and the
corresponding Nyquist plots of the EIS (d, e, and f, respectively) after a cycling test at various
currents in a lithium cell and relaxation to a voltage below 2V (Figure S7 in SI). The
corresponding data analysis (Table S1) clearly reveals an almost linear increase in the
electrode/electrolyte interphase resistance (see plot of Fig. S7b) from 104 Q to 822 Q as the
carbon interlayer thickness increases from 85 nm (EIS in Fig. 4d) to 382 nm (EIS in Fig. 5f).
Despite a still-sufficient cycling performance (Fig. S7a), the increase in resistance by
increasing the thickness unavoidably lowers the rate capability of the electrode. This is most
likely owing to a hindered charge transfer process and slowed kinetics at the electrode
electrolyte interphase.® Furthermore, the decrease of the low-frequency tilted-line slope in the
Nyquist plots of electrodes with increased carbon interlayer thicknesses (Fig. 5d—f) compared
to that with a carbon interlayer of 85 nm (Fig. 4d) indicates a hindered Li*-ion diffusion.®’

Therefore, we may reasonably suppose that the both Li*-ion diffusion and charge transfer

depend greatly on the thickness of the carbon interlayer in the single-layer electrode studied

Published on 22 July 2019. Downloaded by KEAN UNIVERSITY on 7/29/2019 1:53:21 PM.

herein. It is worth mentioning that the synthetic pathway adopted in this work may be suitable
for changing the size of the spheres from submicron to micron size, thus leading to the control
of single layer electrode thickness, still holding its electrochemical performances. Figure S8
in Supplementary Information reports an example in which the size of the active material
spheres in the microelectrode has been increased from 0.4 pum (panel a) to 4 pm (panel b),
thus leading to the increase of the electrode thickness by a factor of 10.

Figure 5

4. Conclusion

19


https://doi.org/10.1039/c9se00259f

Published on 22 July 2019. Downloaded by KEAN UNIVERSITY on 7/29/2019 1:53:21 PM.

Sustainable Energy & Fuels

Page 20 of 37

We proposed a novel high-performance single-layer electrode for Li-ion microbaftety-: oo

E00259F

applications. Core-shell-type o-Fe,O3;@TiO, submicron spheres were synthesized and
successfully ordered by using spin-coating and subsequent annealing as a single active layer
of Fe;04@TiO,, which was attached to the current collector through a nanometric carbon
interlayer without polymeric binders or conductive additives. The single-layer electrode
revealed an enhanced structure and morphology in which the absence of significant particles
overlapping was observed. The electrode operated according to a voltage profile centered at
about 1.1 V, which reflected the electrochemical processes of both the TiO; shell (Li-insertion
reaction) and Fe;O,4 core (Li-conversion reaction). The material exhibited excellent rate
capability and a prolonged cycle life in lithium cell, with specific capacity ranging from about

580 mAh g'! at low current values to about 420 mAh g'! at very high currents (i.e., 5 A g'!).

The extremely ordered submicron sphere layer was characterized by changing the thickness
of the carbon interlayer connecting it to the Cu support. The data indicated that an increase in
the interlayer thickness hinders the electrode performance in terms of capacity and rate
capability owing to the linear increase in the charge transfer resistances as well as the
limitation of lithium-ion diffusion kinetics at the electrode/electrolyte interphase.
Advantageously, this aspect favors the employment of the electrode in its thinnest
configuration in a microbattery. Considering a capacity of about 500 mAh g, average
working voltage (1.1 V), average electrode thickness (about 500 nm), and mass loading of the
active material ranging from 150 to 200 pg cm™, we may estimate for our single-layer core-
shell Fe;04@TiO, submicron spheres a volumetric energy density exceeding 1500 Wh/L.
This value based on anode material only, may be possibly benchmarked into a more practical
value such as the one ascribed to the Fe;04@Ti0O, /LiNij33C0(33Mng 330, (NMC) discussed
in the work (Fig. 4).2%%7 Therefore, taking into account a thickness of about 20 um for thin-

film microbattery® comprising active and inactive components, a working voltage value of

20
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about 2.7V, the above discussed masses loading and capacities (see discussion of Fig, 4-foics o
further details), the Li-ion cell based on submicron spheres may have an estimated practical
volumetric energy density of about 150 Wh/L, which fully matches the high-performance
requirements of the microbattery.? Literature papers reported examples of top-down and
bottom-up single layered electrodes for achieving the performance 3D rechargeable lithium
microbatteries.> Accordingly, micro-battery was fabricated by BAB block copolymer
electrolyte and a sol-gel method combined with micro-injection system, using LiMn,Oy
cathode and LiyTisO;, anode.”® The microbattery with single layer configuration operated at
2.45 V with a discharge capacity of 245 nA h which corresponded to the energy density of
8.48 uWh cm2. Another Li-ion microbattery was fabricated by coupling 68 pum thick LiCoO,
cathode and carbon anode in PVAF-HFP gel polymer electrolyte (GPE). The battery achieved
a maximum power density of 38 mW cm.7 Taking into account the Fe;0,@TiO, capacity of
500 mAh g, and a loading of 150 pg cm2, the Fe;04,@TiO»/NMC microbattery discussed in
Figure 4 has a surface capacity of 75 pAh cm? and a voltage of 2.7V, which lead to

theoretical energy density higher than 200 uWh cm™ for the battery and may be actually

reflected into a practical capacity higher than 50 pWh cm2. Furthermore, a significant

Published on 22 July 2019. Downloaded by KEAN UNIVERSITY on 7/29/2019 1:53:21 PM.

applications of the binder free electrode may be the investigation of the lithium oxygen (Li-
O,) reaction mechanism, such as the electrochemical impedance spectroscopy (EIS) study

reported in literature to provide additional insight on the electrochemical kinetics of the cell.”!
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List of tables
Table 1. Summary of the performances of recently proposed Fe;O, and TiO, anodes
potentially suitable for Li-ion microbattery.

Table 2. Results of the Rietveld refinement performed on the X-ray diffraction patterns of
core-shell-type a-Fe,O;@TiO, spheres and of sample after heat treatment at 600 °C in Ar
atmosphere adopted for electrode preparation (see corresponding patterns in Fig. 3c).

List of figures

Figure 1. (a) Schematic representation of preparation processes for core-shell-type o-
Fe,0;@TiO, submicron spheres (top side), and single-layer electrode assembled with
Fe;04@TiO, submicron spheres (bottom side).

Figure 2. (a) FT-IR spectra of crosslinked poly(MAA/EGDMA) microspheres (black line),
sample after introducing iron oxide precursors (blue line), and sample after subsequent
addition of NH4OH (red line). (b) FT-IR spectra of iron oxide precursor/poly(MAA/EGDMA)
microspheres with (black) and (red) without TiO, shell formed by sol-gel reaction. (¢) X-ray
diffraction patterns, and corresponding Rietveld refinement computed patterns, of core-shell-
type a-Fe,O;@TiO, spheres (grey and black patterns) and of sample after heat treatment at
600 °C in Ar atmosphere (red and orange patterns) adopted for electrode preparation.

Figure 3. (a—h) SEM and TEM images of (a, e) bare a-Fe,O; submicron spheres and core-
shell-type a-Fe,O;@TiO, submicron spheres with different sol-gel reaction times for coating
TiO, shell, that is, (b, f) 1 h, (¢, g) 5 h, and (d, h) 24 h. (i) STEM and (j—1) STEM-based EDX
mapping images of core-shell-type a-Fe,O;@TiO, submicron spheres with sol-gel reaction
time of 24 h after heat treatment at 600 °C in argon atmosphere: (j) Fe, (k) O, and (I) Ti. (n)
High-magnification SEM images (inset of X-ray image observed from accelerator using
synchrotron radiation) and (m) cross-sectional image of Fe;O4@TiO, core-shell submicron
sphere monolayer coated on copper foil, and inset containing a detailed image revealing the

partially hollow core of the particles (see experimental section and SI for further details).
28


https://doi.org/10.1039/c9se00259f

Page 29 of 37

Published on 22 July 2019. Downloaded by KEAN UNIVERSITY on 7/29/2019 1:53:21 PM.

Sustainable Energy & Fuels

Figure 4. (a) Voltage profiles and (b) differential capacity plots (dQ/dV) of singleslayei
electrode with Fe;O04@TiO, core-shell submicron spheres galvanostatically cycled in lithium
cell in voltage window between 0.02 and 3 V at 25 mA g! (Ist cycle and 2nd cycle) and 50
mA g (3rd cycle). (¢) Cycling profiles of single-layer electrode at currents ranging from 50
to 5000 mA g!. (d) Nyquist plot of electrochemical impedance spectroscopy of single-layer
electrode in lithium cell after rate capability test at frequencies ranging from 5 MHz to 100
kHz with amplitude of 50 mV. (e) Long-term cycling test of single-layer electrode in lithium
cell at current rate of 2500 mA g, and (f) cross-sectional SEM image of electrode after test.
Electrolyte: EC/DEC (1:1 v/v), LiPF4 1 M.

Figure 5. Cross-sectional images of single electrodes with increasing average thicknesses of
carbon interlayer between Fe;O4@TiO, core-shell submicron spheres and Cu current
collector: (a) 186 nm, (b) 235 nm, and (¢) 382 nm. Nyquist plots of electrochemical
impedance spectroscopy of above electrodes in lithium cell: (d) 186 nm, (e) 235 nm, and (f)
382 nm. Electrolyte: EC/DEC (1:1 v/v), LiPF¢s 1 M. Frequency range 5-100 kHz, signal

amplitude of 50 mV.
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. . Capacity range | Current Range | Reported cycles
Material Synthesis pathway (mAh g (A o) (Cycle number) Reference
Hierarchical FesOs | g 11 othermal synthesis 1200 - 500 0.5-10 100 61
hollow spheres
Hierarchical hybrid .
nanostructure-Fe,Os- l\gﬁgg‘)’rag;ﬁfeg*;‘;xork 700 - 500 0.1-2 80 62
Co0304 host gy
Self-assembled Solvo-hydrothermal self-
flower-like Fe;0,/C assembly process 1100 - 500 0.1-4.6 1000 63
Anatase nano-
TiO,/carbon hybrid Tailored sol-gel pathway 170 — 60 0.01-5 1000 64
material
Nanosized rutile TiO, Sol—gel technique 200 — 100 0.07-10 80 65
Table 1
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Space a b c Crystallite
Sample Phase ICSD aroup Symmetry (A%) (A%) (A%) size (nm)
Before FerO
heating @ 23 88418 R-3c:H Trigonal 5.0376935 - 13.7714 53
S (Hematite)
600 °C
61% (W:w)
Aft Fe;04 85177 Fd-3m:2 Cubic 8.40146 - - 99
rer (Magnetite)
heatmig @ 39% (wew)
600°C Fe,0; 88418 R-3c:H Trigonal 5.0430546 13.777896 102
(Hematite)
Table 2
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