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ABSTRACT: A range of high-capacity Li-ion anode materials
(conversion reactions with lithium) suffer from poor cycling
stability and limited high-rate performance. These issues can
be addressed through hybridization of multiple nanostructured
components in an electrode. Using a Co;0,—Fe,0;/C system
as an example, we demonstrate that the cycling stability and
rate performance are improved in a hybrid electrode. The
hybrid Co;0,—Fe,0;/C electrode exhibits long-term cycling
stability (300 cycles) at a moderate current rate with a retained
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capacity of approximately 700 mAh g~'. The reversible capacity of the Co;0,—Fe,05/C electrode is still about 400 mAh g~
(above the theoretical capacity of graphite) at a high current rate of ca. 3 A g™', whereas Co;0,—Fe,0;, Fe,0,/C, and Co,0,/C
electrodes (used as controls) are unable to operate as effectively under identical testing conditions. To understand the structure—
function relationship in the hybrid electrode and the reasons for the enhanced cycling stability, we employed a combination of ex
situ and in situ techniques. Our results indicate that the improvements in the hybrid electrode originate from the combination of
sequential electrochemical activity of the transition metal oxides with an enhanced electronic conductivity provided by

percolating carbon chains.
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1. INTRODUCTION

Hybridization is emerging as an innovative concept in the field
of electrochemical energy storage. The idea is to include
dissimilar (in terms of composition, performance or function)
components into an energy storage device.'" This may be
implemented in the form of creating hybrid devices (e.g., Li-ion
capacitors, supercapbatteries, and hybrid asymmetric capaci-
tors) via combining two electrodes of different tyges (eg, a
battery-type electrode with a capacitive electrode).”® Another
variation of the hybridization concept, as emphasized by recent
reviews,”* is to include dissimilar nanostructured components
within a single electrode of a battery or capacitor. By
incorporating a combination of materials in a single electrode,
electrochemical performance can be improved in many cases.
One possible type of battery electrode in which the
hybridization concept could be effectively used is lithium-ion
battery anodes that operate via conversion reaction mecha-
nisms.

Conversion reaction anodes (transition metal oxides are the
most common examples)”® have been attracting considerable
attention over the past decade. Transition metal oxides
(TMOs), in particular 3d TMOs, are found to be potential
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replacements of graphite as anode materials in Li-ion batteries
due to their very high specific capacity. The mechanism of
reaction with lithium is different from that of the carbon-based
materials. Lithium ions react reversibly with metal oxides via a
conversion reaction that involves the formation and decom-
position of Li,O and is accompanied by the reduction and
oxidation of metal nanoparticles. Generally, the electrochemical
reactions can be summarized by the following equation:”"*

MO, + 2yLi" + 2ye” < yLi,0 + aM 1)

The forward reaction is thermodynamically favorable and
involves multiple electron transfer per unit of metal atom
leading to a hi%h theoretical lithium storage capacity (400—
1100 mAh g™').” However, the realization of a practical battery
with TMO anodes that undergo reversible conversion reactions
during cycling is not straightforward. The oxides reacting
electrochemically with lithium through conversion reactions
often experience significant volume changes upon lithiation and
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delithiation (for example, volume changes for cobalt oxide
(Co;0,, theoretical capacity of 980 mAh g~ ') and hematite
iron oxide (a-Fe,0;, theoretical capacity of 1007 mAh
g™ ' ""7"%) are as high as ~100 and ~96%, respectively'*~'°).
Such a significant volume variation routinely results in
pulverization and cracking of electrodes in the battery due to
the internal stress in the electrode and the lack of space for
expansion. As a result, stable cyclic behavior and good rate
capability are difficult to achieve in conversion reaction anodes.
In addition, many of the oxide phases that react through
conversion reactions possess limited electronic conductivity. To
circumvent these problems, the hybridization concept is widely
used, and electrochemical performance, especially reversible
capacity of the respective TMO anodes, is improved
significantly.'”~*°

Despite the success of hybridization of TMOs, progress in
understanding the fundamental electrochemistry of the hybrid
electrodes has been slow. A battery is a complex device where
many concurrent events occur during its operation, which
makes it difficult to understand the intrinsic electrochemistry.
Therefore, a fundamental understanding of the structural
stability of the hybrid electrode during cycling is important
and can provide insights about electrochemical reactivity of the
electrode and the performance of the battery as a whole.
Currently, many aspects of the fundamental science with
respect to battery operation remain poorly understood, and the
electrochemical lithiation/delithiation mechanism can be
considered as one of these for many electrode materials.”'

Herein, we report an improved cycling stability and rate
performance of a hybrid Co;0,—Fe,0;/C electrode with
respect to control systems (Co;0,—Fe,0; Co03;0,/C, and
Fe,0;/C electrodes). The electrochemical performance of this
hybrid material is analyzed, and a combination of ex situ and in
situ techniques is employed to understand the correlation
between the structure and performance of the material. An in
situ structural study is achieved using synchrotron X-ray
diffraction (XRD) under electrochemical conditions. These in
situ synchrotron XRD data illustrate the structural changes
during battery operation in real time. The experimental results
suggest that both components of Co;O, and Fe,O; in the
hybrid are electrochemically active but at different potentials.
The combination of two transition metal oxides in the electrode
leads to their sequential volume expansion (and, therefore,
better tolerance of the electrode to structural stress) while long
conductive chains of carbon black act as a percolating network
suitable for the efficient electronic transfer (and, presumably,
spacing of the nanoparticles for expansion/contraction during
operation).

2. EXPERIMENTAL SECTION

2.1. Synthesis of Materials. Co;0,—Fe,0;/C, Co;0,—Fe,0;,
Co0;0,/C, and Fe,O;/C materials were synthesized by the molten salts
method (a brief introduction is included in Supporting Information).
The Co;0,—Fe,O; powder was produced by mixing together CoCl,:
6H,0 (Sigma-Aldrich, 98%), FeCl,-4H,0 (Sigma-Aldrich, 98%),
LiNO; (Sigma-Aldrich, 99.9%), LiOH-H,O (Sigma-Aldrich, 98%),
and H,0, (Sigma-Aldrich, 35%) with a molar ratio of 1:1:10:2:5,
respectively, followed by grinding the mixture in a mortar with a pestle
until homogeneous. This was designed to provide a 50:50 mix of
Co0;0,/Fe,0; for the Co0;0,—Fe,O; material. The mixture was
immediately transferred to a muffle furnace and heat treated in air at
300 °C for 3 h. After cooling naturally in air, the solid mass was
washed with a large amount of DI water to dissolve unreacted salts and
Co;0,—Fe,0; solid particles were separated by centrifugation. The

product was then dried under vacuum at 100 °C overnight to remove
the residual water.

Hybrid Co0;0,—Fe,0;/C materials were prepared by mixing
Co30,—Fe,0; materials synthesized by the molten salt method and
super P Li carbon black powder in a 2:1 weight ratio. Then, 4.5 g of
the mixture was loaded inside a stainless steel milling container
together with four hardened steel balls (diameter of 254 mm). The
mixture was milled in a magneto-ball mill at a rotation speed of 75 rpm
for 30 h at room temperature under an argon atmosphere of 100
kPa.”*** This type of mill is usually used in conjunction with an
external magnet; however, the magnet was intentionally removed in
the preparation procedure to ensure a rolling action of the balls. In
addition, the rotation speed (7S rpm) was intentionally selected low to
ensure gentle milling. The milled powders were removed from the ball
milling containers in the presence of an inert Ar atmosphere. Co;0,/C
and Fe,0;/C nanocomposites were prepared using procedures similar
to described above. Co;0, or Fe,O; nanoparticles synthesized by the
molten salt method and super P Li carbon black powder were mixed in
a 2:1 weight ratio and 4.5 g of the mixture for each composite were
used for this purpose.

2.2. Materials Characterization. X-ray diffraction (XRD,
PANalytical X'Pert Pro) data were collected using a CuKa radiation
source (1 = 1.54181 A). The morphology of each sample was
examined using scanning electron microscopy (SEM, Carl Zeiss Supra
S5 VP). Transmission electron microscopy (TEM) analysis was
performed on a JEOL JEM 2100F instrument operated at 200 kV and
an FEI Titan instrument operating at 300 kV. Elastic image and
energy-filtered elemental maps were acquired using a Gatan Quantum
ER 965 Imaging Filter installed on the JEOL JEM 2100F microscope,
and a three-window method was used for acquiring elemental maps.
Energy dispersive X-ray spectra (EDS) were acquired on the FEI Titan
transmission microscope in a scanning transmisison mode.

2.3. Electrode Preparation. To test the electrochemical perform-
ance, we mixed powder samples with acetylene carbon black (AB) and
a binder, carboxymethyl cellulose (CMC), in a weight ratio of
80:10:10 in a solvent (distilled water). The as-prepared slurry was
spread onto Cu foil substrates with an average loading of 1.5—2.0 mg
and these coated electrodes were dried in a vacuum oven at 100 °C for
24 h. The electrode was then pressed using a 25 mm diameter disc to
enhance the contact between the Cu foil and active material.

2.4. Ex Situ Electrochemical Characterization. The electrodes
were cut to 1 X 1 cm and CR 2032 coin-type cells were assembled in
an Ar-filled glovebox. Li foil was used as the counter/reference
electrode and a microporous polyethylene film was used as a separator.
The electrolyte was 1 M LiPF; in a mixture of ethylene carbonate
(EC), diethylene carbonate (DEC), and dimethyl carbonate (DMC)
with a volume ratio of 1:1:1. The cells were galvanostatically charged/
discharged in the range of 3.0—0.01 V at different current densities
using the Land Battery Testing System.

2.5. In Situ Electrochemical—Structural Characterization. For
in situ electrochemical—structural characterization, special coin cell
casings with 3 mm diameter holes and stainless spacers with 5 mm
diameter holes were used for the construction of the coin cells. The
cell casings were electrically insulated from the other components
using Kapton tape, which also sealed the cell against air and allowed
penetration of the X-ray beam. The coin cells contained active
materials on the Cu foil (Co;0,—Fe,O; sample was used) as the
working electrode, Li metal as the counter/reference electrode,
microporous polyethylene film as a separator and 1 M LiPFy (in a
mixture of EC, DEC, and DMC with a volume ratio of 1:1:1) as an
electrolyte solution. In situ synchrotron XRD experiments were
performed within 1-2 days after cell construction. Further details
regarding coin cell construction and beamline setup can be found in
references.”*~*® In situ synchrotron XRD data were collected on the
Powder Diffraction beamline at the Australian Synchrotron with a
wavelength (1) of 0.68829(2) A,*” determined using the NIST 660b
LaBg standard reference material. Data were collected continuously in
6.4 min acquisitions on the coin cell in transmission geometry
throughout the charge/discharge cycles. The coin cell was first
discharged to 0.01 V at —0.45 mA (~300 mA g~") followed by charge
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Figure 1. XRD patterns of (a) Co;0,—Fe,0;/C, Co;0,—Fe,0;, Co;0,/C, and Fe,03/C materials; and (b) Rietveld-refined fit of the Co;0, and

Fe,0; structural models to the XRD data for the Co;0,—Fe,0; sample.

back to 3.0 V. Rietveld refinements were carried out using the GSAS™
software suite with the EXPGUI*" software interface.

3. RESULTS AND DISCUSSION

We produced four samples: a hybrid Co;0,—Fe,0;/C material
and three control samples (Co;0,—Fe,0; Co0;0,/C, and
Fe,0;/C) . The sample Co;0,—Fe,0; represents a mixture of
Co;0, and Fe,0; nanoparticles prior to their introduction in
the carbon host. Samples of Fe,0;/C and Co0;0,/C are
nanoparticles and their aggregates of iron and cobalt oxides,
respectively, introduced in the carbon host. More detailed
characterization of control materials may be found in the
Supporting Information. For initial characterization, XRD was
carried out to study the crystalline structure and phase purity of
the obtained products (Figure 1a). The hybrid sample shows a
mixed-phase XRD pattern where diffraction peaks consistent
with the cubic phase of Co;0, [JCPDS no. 00-043-1003, space
group Fd3m (no. 227)] and a rhombohedral phase of hematite
a-Fe,0; [JCPDS no. 01-072-6226, space group R-3¢ (no0.167)]
are observed. No peaks of any other phases or impurities were
detected, demonstrating that materials with high purity could
be obtained using the present synthesis strategy. The Co;0,—
Fe,0;, Co0;0,/C, and Fe,0;/C samples display XRD
reflections of the corresponding oxides. Rietveld-refined fit of
the Co;0, and Fe,0; structural models to the XRD data for
the Co;0,—Fe,0; sample is shown in Figure 1b. The refined
relative phase fractions of Co;0, and Fe,O; were approx-
imately 42 and 58 wt %, respectively, suggesting a slight excess
of Fe,0; in the crystalline components of the Co;0,—Fe,0,
sample.

TEM analysis was employed to visualize the structure of the
hybrid material. Figure 2a shows a bright-field image of the
hybrid Co;0,—Fe,0;/C sample and demonstrates the
structure which consists of nanoparticles of Co;0, and Fe,04
(and, possibly, their aggregates) integrated into a network of
chain-like carbon black. The oxide nanoparticles have a darker
contrast in the image. An overlay of energy-filtered elemental
maps of Co and Fe in the same location on the sample is shown
in Figure 2b, demonstrating the distribution of the two oxides.
The coexistence of Co;0, and Fe,O; nanoparticles supported
on carbon was also cross-verified by EDS mapping at a different
location. A bright field TEM image and a corresponding overlay
of Co and Fe elemental maps are presented in Figure 2¢,d. It is
clearly seen that both Co;0, and Fe,O; particles are spread on
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carbon

Overlay: Co and Fe

Figure 2. TEM characterization of the hybrid Co;0,—Fe,0;/C
sample: (a and b) a bright—field image and the corresponding energy-
filtered map of Co and Fe; (c and d) an image and a corresponding
EDS map of Co and Fe from a different location; (red) Co, (green)
Fe.

the carbon host and embedded into it. TEM characterization of
the Co;0,—Fe,0;, Fe,0;/C, and Co0;0,/C samples can be
found in Supporting Information (Figure S1).

The electrochemical properties of the hybrid Co;0,—Fe,05/
C material are presented in Figure 3. The data on the cycling
stabilities and rate capabilities of Co;0,—Fe,O; Fe,0,/C,
Co;0,/C samples are also shown. As shown in Figure 3a, a
significant difference is observed in cycling stability among the
electrodes. The hybrid Co0;0,—Fe,0;/C electrode exhibits
outstanding cycling stability at the 0.5C rate with a retained
reversible capacity of 703 mAh g~' (96% retention of the
calculated theoretical capacity of 731 mAh g~") after 300 cycles.
The cycling stability of the Co;0,—Fe,O; electrode was
observed to be significantly hampered at the 0.5C rate and the
capacity fade was rapid resulting in a capacity of below 372
mAh g after 42 cycles. Capacity fading was also observed for
both Co;0,/C and Fe,05/C electrodes at the 0.5C rate. In the
case of Co;0,/C electrode, reversible capacity was 411 mAh
g™' (~60% retention of the calculated theoretical capacity of
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Figure 3. Electrochemical performance of the Co;0,—Fe,0;/C hybrid sample and the control samples (Co;0,—Fe,0;, Fe,05/C and Co;0,/C):
(a) cycling behavior at 0.5C rate; (b) charge/discharge profiles of the Co;0,—Fe,0;/C electrode in various cycles at 0.5C rate; (c) rate capability
tests (current density changes from very low to moderate to very high and finally back to very low); and (d) rate capability tests (current density

changes from very low to very high).

686 mAh g™') after 300 cycles, whereas it was only 330 mAh
g~ (43% retention of the calculated theoretical capacity of 764
mAh ¢7') for the Fe,0,/C electrode. The method for
calculating theoretical capacity and C-rates is described in
Supporting Information.

Figure 3b shows charge/discharge profiles of the hybrid
Co30,—Fe,0,/C electrode at 0.5C rate (the charge—discharge
profiles for other samples can be found in Supporting
Information, Figure S3). A relatively small irreversible capacity
loss (about 26%) was observed in the first cycle. The capacity
remains quite stable over 300 cycles, with minor changes in the
shape of charge—discharge profiles. The Coulombic efficiency
was close to 100% after the first few cycles (Supporting
Information, Figure S4). Figure 3c demonstrates the consec-
utive cycling performance at different current rates, measured
for five cycles at each current in ascending steps from 0.1C to
4C, followed by a return to 0.1C. The hybrid Co;0,—Fe,0;/C
electrode exhibits the reversible capacities of 782, 505, 434, and
395 mAh g_1 at the current rates of 0.1, 1.0, 2.0, and 4C,
respectively. As the rate is brought back to 0.1C, the reversible
capacity of the Co;0,—Fe,0;/C electrode was still 780 mAh
g™' even after SO cycles, which represents >99% capacity
recovery with respect to the capacity of 782 mAh g~ obtained
after S cycles at 0.1C initially. It is clearly seen that Co;0,—
Fe,0;, Fe,05/C, and Co;0,/C electrodes experience signifi-
cant capacity fading and capacity recovery after 50 cycles was
unsatisfactory.

To further verify the high rate performance of hybrid
Co030,—Fe,0,/C electrode, we have demonstrated consecutive
cycling performance at a low current rate (0.1C) followed by a
very high rate (4C) (Figure 3d). For this purpose, all electrodes
were cycled at the 0.1C rate for the initial three cycles, and in
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the subsequent cycles, the discharge/charge was set to the 4C
rate. Surprisingly, the hybrid Co;0,—Fe,0;/C electrode is still
capable to tolerate such a quick current rate transformation and
even after 50 cycles reversible capacity was measured to be 410
mAh g™' at 4C. As it follows from the electrochemical
assessment, the cycling performance and rate capability of the
hybrid Co;0,—Fe,0;/C are significantly superior to the
electrodes made from other samples.

The hybrid Co;0,—Fe,05/C electrode simultaneously
demonstrates capacity retention, excellent rate capability and
reasonably high reversible capacity. To date, only few attempts
of hybridization of Co;0, and Fe,O; into hybrid Co;0,—
Fe,0; electrodes have been explored.””*>*> Wu et al.”* have
reported the direct growth of Co;0,/a-Fe,O; branched
nanowire heterostructures on a Ti substrate by a two-step
hydrothermal method. Compared to pristine Co;0, and a-
Fe,O; nanowires, lithium-ion battery anodes made of these
Co0;0,/a-Fe,O; branched nanowires exhibit significantly
enhanced Li" storage capacity and stability, with a high
reversible capacity of 980 mAh g~ after 60 cycles at a current
density of 100 mA g~'. Although the reversible capacity is
attractive in this study, the capacity retention is unsatisfactory
(~63%) with respect to the initial capacity (1534 mAh g™').
Rate capability was not examined for this system. A hierarchical
Fe,O;@Co;0, nanowire array based on the sacrificial template
accelerated hydrolysis (using ZnO as the template) has also
been reported.”* The Fe,O,@Co;0, nanowire array exhibits
good cycling performance (1005 mAh g™ after SO cycles at 200
mA g~') with improved rate performance (788 mAh g™' at
5000 mA g~') but significant capacity fading can be observed.
Recently, Luo et al.>> demonstrated novel hierarchical Co;0,@
a-Fe,0; core—shell nanoneedle arrays (Co;0,@a-Fe,0; NAs)
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Figure S. Cyclic voltammograms of (a) Co;0,—Fe,0;, (b) Co;0,~Fe,05/C, (c) Fe,05/C, and (d) Co0;0,/C electrodes in the first, second, and
fifth cycles in the voltage range of 0.01—3.0 V. Two pairs of reduction and oxidation peaks are visible in the CV plots of Co;0,—Fe,0; and Co;0,—
Fe,0;/C materials from the second cycle onward, indicating that maximum electrochemical activity in the Co;0, and Fe,0; components of the
electrode happens at different potentials (causing sequential volume expansion-contraction in the components of the electrode).

produced by a stepwise, seed-assisted, hydrothermal approach.
Compared to pristine Co;0, NAs and a-Fe,O; nanosheets, the
Co;0,@0a-Fe,0; NAs show a high reversible capacity of 1045
mAh g™! after the 100 cycles at 120 mA g~'. This is the best
reported result (in terms of reversible capacity) for the Co;0,—
Fe,0; anodes so far. However, the capacity retention (~53%)
and rate capability are not satisfactory. It follows from the
literature analysis that the electrochemical performance of the
hybrid Co;0,—Fe,0;/C material reported here is attractive in
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respect to the previously published Co;0,—Fe,O; based
electrodes, especially due to the capacity retention and rate
capability offered by the hybrid electrodes reported here.””****

To gain insight into the improved performance of the hybrid
Co03;0,—Fe,05/C electrode and the structure—function rela-
tionship of the material, we conducted a number of ex situ and
in situ characterization tests. As it follows from the electro-
chemical assessment, the cycling performance and rate
capability of the hybrid Co;0,—Fe,O;/C are significantly
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the in situ data during the latter parts of the electrochemical cycle showing minimal change in the diffraction patterns. Note that in panel d, the data

are shown as raw collections without stacking.

superior to the electrodes made from other samples. These
improvements originate from the combination of the two
oxides in the material and also the presence of the percolating
carbon host. The role of the carbon host is quite obvious as it
forms a conducting network resulting in more efficient
electronic transport in the electrode. The combination of the
two oxides is critical for the stress management in the electrode.
Figure 4 shows the SEM images of the electrodes extracted
after 50 cycles of galvanostatic discharge/charge with the
sequence of the S0 cycles following the progressive rate
increase (0.1, 1.0, 2.0, 4C) and the final current rate of 0.1C
(i.e., the test is the same as the rate capability test depicted in
Figure 3c). Clearly, the Co;0,—Fe,05 and Fe,0,/C electrodes
develop large cracks and their structural stability is compro-
mised (Figure 4a,c). The Co;0, electrode is more robust but
minor cracks are still present after cycling, resulting in the
deterioration in performance (Figure 4d). In contrast, no
obvious cracks are visible in the hybrid Co;0,—Fe,0;/C
electrode. This clearly demonstrates that the structural stability
of the hybrid Co;0,—Fe,0;/C electrode is significantly better,
resulting in its excellent cycling performance observed in this
study.

The improved cycling stability of the hybrid Co;0,—Fe,0;/
C electrode is related, in our view, to the sequential volume
expansion in the Co;O, and Fe,O; components of the
electrode. This can easily be understood from the analysis of
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the CV plots (Figure S) and from the data of in situ XRD
presented next. The CV plots of Co;0,—Fe,0; Co;0,—
Fe,0/C, Fe,05/C, and Co0;0,/C (d) electrodes are shown.
Although both materials react with lithium within the same
potential range of 3—0.01 V vs Li/Li", the exact potential for
the maximal electrochemical activity differs for Co;0, and
Fe,0;. It can be seen in Figure Sa,b that, starting from the
second cycles, two pronounced redox peaks appear in both
cathodic and anodic scans. For both Co;0,—Fe,0;/C and
Co0;0,—Fe,0; electrodes, there are peaks positioned at ~1.0
and ~0.8 V vs Li/Li" in the cathodic scan. They correspond to
the reduction processes in Co;0, and Fe,O;, respectively,
dominating at these potentials. Indeed, a reduction peak is
visible at ~0.77 V vs Li/Li" in the cathodic scan of Fe,05/C
material (Figure Sc) while a reduction peak at ~1.0—1.1 V can
be seen in the CV of Co;0,/C. During the anodic scans of the
hybrid Co;0,—Fe,05/C electrode two oxidation peaks are
visible at ~1.6 and 2.05 V vs Li/Li* in Figure Sb (and at ~1.7
and 2.03 V vs Li/Li* for the Co;0,—Fe,0; electrode in Figure
Sa). Again, this can be correlated with the maxima of oxidation
processes in Fe,0;/C and Co;0,/C electrodes that happen at
similar potentials (Figure Sc,d). The same indicative positions
of redox peaks for Fe,O; and Co;0, can be found in the
literature.” ™ It follows from this analysis that the reduction
and oxidation processes in the Co;O, and Fe,O; components
of hybrid electrodes happens sequentially (with their maximal
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electrochemical redox activity at different potentials), which is
accompanied by the sequential volume expansion and
contraction in the Co;0, and Fe,O; components of the
electrode. As a result, the development of stress in the electrode
is subdued and the structural integrity of the hybrid electrode is
retained (as shown in the SEM analysis of the optimal Co;0,—
Fe,0,/C hybrid electrode in Figure 4b).

The in situ electrochemical properties of the hybrid Co;0,—
Fe,0; material are presented in Figure 6. The experiment was
designed to track the phase changes in the electrode and a
sample without carbon, Co0;0,—Fe,O; was selected to
maximize the useful signal (the XRD signals from carbon-
containing sample are relatively weaker and broader). During
the in situ synchrotron XRD measurements the cell was cycled
at a current density of 300 mA g~ and the XRD data are shown
in Figure 6. Li reacts first with Fe,O; at ~1.12 V. The intensity
of the Fe,O; peak decreases with the decrease in cell potential
and finally disappears at ~0.81 V. The intensity of the Co;0,
peaks began to decrease from 0.96 V and completely disappear
at ~0.26 V. This is evident from Figure 6c where the (104)
peak of Fe,O; disappears first followed by the Co;0, peaks.
Figure 6b focuses on the Co;0, (511) and (333) reflections
during discharge illustrating their disappearance at around 102
min which corresponds to 0.71 V while Figure 6¢ shows the
Co;0, (220) and the Fe,O; (104) reflections. The Fe,O,
reflection is essentially non-existent around 51 min or 0.81 V.
Figure 6c¢ clearly indicates that the Fe,O; reflections disappear
before the Co;O, with a voltage difference of about 0.1 V
between them. The disappearance of reflections implies that
either there is a phase transformation and these phases are
transforming into another phase, or there is a loss of
crystallinity,” or the particles are becoming nanocrystallites.*”
In terms of the current electrode, it represents the loss of these
crystalline phases. Figure 6d shows the charge process and
essentially there are no changes to the patterns during charge.
This suggests that once the crystalline phases disappear during
first discharge they do not crystallize in the scale observable by
XRD. It is most likely that these phases if they form are
nanocrystalline and below the limit of detection for XRD. Note
there is a slight increase in background in Figure 6d as these
patterns are plotted with as-collected intensities. As the battery
is charged, the background increases, and thus, there is a larger
contribution to background from the charged products formed.

During electrochemical discharge/charge, the evolution of
the phase fractions (relative) of the Fe,O; and Co,0,
components as a function of time (Figure 7) and is directly
correlated to the potential curve. It is observed that the sloping
potential region is predominantly due to the Fe,O; phase
reacting during discharge and the plateau region signals the
onset of the Co;0, phase reacting. Notably, both phases
disappear at the end of first discharge which, as suggested
above, could be due to the formation of nanosized particles.
Therefore, the Fe,O; reacts first, followed by the Co;0,
component in the hybrid system. It is also worthwhile to
note that the Co;0, phase fraction remains stable while the
majority of the Fe,O; reacts and only begins to react at around
0.85 V. Therefore, we can directly show that each component
starts being active at different parts of the first discharge and the
activity appears to be sequential rather than simultaneous in
their reactions in the first discharge of half-cell.

It is important to note that nanocrystalline intermediate
phases may form for the Fe-containing component that
continue to react during the Co;0, reaction (in particular,
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Figure 7. Evolution of the phase fractions of the Co;0, and Fe,0;
components as a function of time correlated to the electrochemical
charge/discharge curve in blue.

Li,(Fe,0;) has been suggested as a possible intermediate
phase).” Li,[C0;0,], (x ~ 0.2—0.5) intermediate is expected to
form during the corresponding transformation of Co;0,.’
Having said that, we would like to note that we cannot
conclude the nature of the intermediate phases from our
experiments and we also do not have evidence that the
intermediates remain the same in the second and following
cycles. The suggested phases of Li,(Fe,0;) and Li,[Co;0,] are
mentioned on the basis of previous in situ XRD studies
conducted with larger Fe,O; and Co;0, crystallites. The hybrid
electrode here consists of very small nanoscale particles of
Fe,0; and Co;0,, and their reactivity might deviate from the
classical mechanisms.”**” Our Fe- and Co-containing inter-
mediates are not observed with the XRD data which may be
due to their amorphous or nanocrystalline nature for our
nanosized sample. The subsequent reactivity of the inter-
mediates is assumed to happen in the opposite order during the
discharge (the CV graph in Figure Sa), and the peak of
maximum electrochemical reactivity of iron oxide is at a lower
potential (0.8 V vs Li/Li") than that of cobalt oxide (1.03 V vs
Li/Li")).

Overall, our results indicate that, during the first discharge of
the half-cell, iron oxide starts reacting with lithium first;
however, the maximum of the electrochemical reaction happens
for the iron oxide subsequently to the maximum of the
electrochemical reaction for the cobalt oxide during normal
cycling. It follows that electrochemical activities in the Fe,O;
and Co;0, components of the hybrid electrode happen not
simultaneously, but at different potentials for the two
components, both during the initial stage of the intermediate
phase formation and during the subsequent full conversion to
metal nanoparticles and Li,O. It is evident from CV graphs that
similar sequential reactivity happens during the charge of the
cells. The sequential reactivity of the oxide components leads to
a better management of stress in the hybrid electrode. As we
show in the SEM images of a hybrid electrode after 50 cycles
(Figure 4b), it is possible to minimize electrode cracking and
disintegration in such an electrode.

4. CONCLUSIONS

Significant improvements in the cycling stability and rate
capability have been demonstrated in a hybrid electrode based
on conversion reaction materials for Li-ion batteries. The
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hybrid Co;0,—Fe,0;/C electrode exhibits long-term cyclic
stability (300 cycles) at a moderate current rate with a retained
capacity of approximately 700 mAh g~'. The reversible capacity
of the Co;0,—Fe,0,/C electrode is still 400 mAh g~' (above
the theoretical capacity of graphite) at a high current rate of ca.
3 A g7', while other electrode materials used for comparison
cannot perform well at such a high current rate. The attractive
performance originates from the presence of percolating carbon
host in the hybrid electrode and sequential volume expansion
(and, as a result, better stress management) in the oxide
components as confirmed by time-resolved in situ synchrotron
X-ray diffraction combined with ex situ SEM analysis and cyclic
voltammetry tests.
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