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Abstract

®

CrossMark

Cobalt nanoparticle thin films were electrophoretically deposited on copper current collectors
and were annealed into thin films of hollow Co3;0, nanoparticles. These thin films were directly
used as the anodes of lithium ion batteries (LIBs) without the addition of conducting carbons and
bonding agents. LIBs thus fabricated show high gravimetric capacities and long cycle lives. For
~1.0 pm thick Co30, nanoparticle films the gravimetric capacities of the batteries were more
than 800 mAh g*1 at a current rate of C/15, which is about 90% of the theoretical maximum.
Additionally, the batteries were able to undergo 200 charge/discharge cycles at a relatively fast
rate of C/5 and maintain 50% of the initial capacity. In order to understand the electrochemistry
of lithiation in the context of nanoparticles, Raman spectra were collected at different stages of
the electrode cycles to determine the chemical and structural changes in the nanomaterials. Our
results indicate that initially the electrode nanoparticles were under significant strain and as the
battery underwent many cycles of charging/discharging the nanoparticles experienced
progressive strain relaxation.

Supplementary material for this article is available online
Keywords: nanoparticles, lithium ion battery, Raman spectroscopy, electrophoretic deposition

(Some figures may appear in colour only in the online journal)

Introduction

The high negative potential of lithium (and other alkali
metals) that makes it attractive as a cathode material in
rechargeable batteries, however results in a violent reaction of
the metal with aqueous electrolytes. Consequently, practical
lithium batteries were possible only with the introduction of
aprotic electrolytes [1]. Because of their high specific energies
in terms of area, volume, and mass rechargeable lithium ion
batteries (LIBs) have become the power source of choice for

0957-4484/18,/075403+10$33.00

handheld devices, electronics, electric vehicles and even air-
liners. In spite of the obvious advantages, however, the
overall share of LIBs in the rechargeable battery market is
small due to several factors including high cost related to the
need for carefully purified materials, electrode degradation,
relatively slow charging rates, and safety issues [2].

It has already been proven decisively that nanostructuring
of electrodes contributes to significant improvement in the
overall performance of LIBs [3-6]. The unique advantages
nanostructuring provides to LIB technology include short

© 2018 IOP Publishing Ltd  Printed in the UK
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diffusion times that improve battery speed, higher surface to
volume ratio rendering more reactive sites available for
electrochemical reactions and thus increasing battery capa-
city, and the intrinsic expandability of nanosystems con-
tributing to amenability to large and repeated volume changes
demanded by repeated conversion reactions and lithiation.
Less prominent yet important advantages of nanomaterials in
LIBs are cost effective solution synthesis and processability,
and versatility in the different kind of nanomaterials that can
be used in LIB fabrication [7-9].

Application of nanomaterials in the forms of nanorods
and nanosheets and more recently in the form of nanoparticles
have resulted in impressive battery performance. Recent
applications include nanoparticles of Fe;O,4, Fe,O3;, MnO,
and Co30y, nanosheets of MXenes and MoS,, silicon nano-
wires, and graphene wrapped sulfur particles [2, 5-7, 10-15].
Co304, due to its interesting chemical, catalytic, and photo-
voltaic properties, has been the subject of wide range of
experimental and theoretical investigations. Application of
Co304 in LIBs in forms of nanoparticles, nanowires, nano-
cages, nanotubes and in composite forms with graphene have
resulted in impressive capacity retention and cyclability [5, 6,
16-19].

Many reports on the application of nanomaterials in
LIBs, however, have focused on the end result which is the
improvement of battery speed and capacity. Very often sev-
eral active materials are mixed in systematic proportions
along with conductive carbons to improve charge con-
ductivity and polymeric binders to improve mechanical sta-
bility of the electrodes, and battery functionalities are studied
as a function of these mixtures. While these ad hoc methods
have resulted in impressive battery performance, it is difficult
to generalize these methods for the practical applications of
LIBs. Some experiments which measured LIB performance
did not systematically distinguish the different material pro-
cesses associated with the fabrication. It is indeed difficult to
extract the unique nanoscale physics of the active materials
from the result of these batteries that are composed of several
components.

Perhaps as important as the construction of the battery, is
the analyses of battery performance, which have very often
focused on the physical aspects of the nanomaterials. Several
groups have investigated the electrochemistry of LIBs as a
function of nanoparticle size, shape and surface coverage
using x-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM)
[5, 12, 13]. TEM studies, for example, showed that repeated
intercalation of Li ion into the nanoparticle matrix and the
conversion reactions result in pulverization of larger nano-
particles into more stable smaller size nanoparticles [5].

Nanoparticles, however, possess unique characteristics
besides sizes, shapes and ligand coverage. It has been shown,
at least for oxide nanoparticles, that the lattice constant
increases as the particle diameter decreases, resulting in sur-
face strain [20, 21]. Surface impurities and surface strains are
important parameters for nanoparticles that can directly
influence the electrochemistry of lithiation in LIBs. These

nanoscale unique properties have received disproportionately
less attention in LIB research.

In this work cobalt (Co) nanoparticle thin films were
electrophoretically deposited on copper current collectors and
were annealed into thin films of hollow Co3;0, nanoparticles,
which were directly used as the anodes in fabricating half-cell
LIBs (H-LIBs). The application of electrophoretic deposition
(EPD) resulted in electrodes composed of only Co304
nanoparticles without the need for any polymeric binders and
conducting carbons. The EPD films are found to be
mechanically much stronger when compared to the conven-
tional slurry cast films and the thickness of the EPD films are
tunable within a fraction of a micron. H-LIBs fabricated thus
show high gravimetric capacities and long cycle lives. For
~1.0 pm thick Co;0, nanoparticle films the gravimetric
capacities of the H-LIBs were more than 800 mAh g™ at a
current rate of C/15 which is about 90% of the theoretical
maximum. Additionally, the H-LIBs were able to undergo
200 charge/discharge cycles at relatively fast rate of C/5 and
maintain 50% of the initial capacity. In order to understand
the electrochemistry of lithiation in the context of nano-
particles, we used Raman spectroscopy at different stages of
the battery cycles to determine the chemical and structural
changes in the nanoparticle films. Our results indicate that the
pristine Co30, nanoparticles in the freshly prepared anode are
under significant strain and as the battery undergoes cycles
the nanoparticles experience progressive strain relaxation.
These results corroborate the TEM images in [5] where it is
shown that upon many cycles of charging/discharging the
anode material takes on the morphology of a disordered
material. Additionally, we find that upon discharging an
incomplete conversion of the Co;04 nanoparticles into Li,O
and elemental Co takes place. However, upon charging we
find scant Raman signature of Li,O and elemental Co on the
anode indicating complete conversion of the discharge pro-
ducts back to Co30y,.

Experimental methods

Materials synthesis

Cobalt nanoparticles were synthesized by following the lit-
erature recipe of Puntes et al [22]. All chemical reagents were
purchased from Sigma Aldrich. 0.52 g Co,(CO)g was dis-
solved in 4 ml of dichlorobenzene and the solution was stirred
at room temperature for about an hour until the cobalt solution
dissolved completely. In a triple-necked flask, 0.1 g TOPO
and 0.09 g of oleic acid were added to 12ml of dichlor-
obenzene. The solution was vacuumed for about half an hour,
then the temperature was set to 180 °C and the solution was
placed under N, flushing. When the temperature stabilized to
180 °C the Co,(CO)g solution was added quickly. The solu-
tion was left at 180 °C for about 5 min, then the reaction was
stopped and the final product was cooled using a room
temperature water bath. The Co nanoparticles were cleaned
off the original solution and unreacted reagents using the size
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selective precipitation method by first using ethanol and then
acetone as the non-solvents, and hexane as the solvent.

Electrophoretic deposition

As shown in figure S1, available online at stacks.iop.org/
NANO/29/075403 /mmedia, a pair of copper electrodes, cut
in circular shapes of ~1cm in diameter, are placed 1.8 mm
apart in a parallel plate capacitor configuration and secured on
a stable platform. A solution of Co nanoparticles in hexane is
prepared by sonication. The electrode assembly is then slowly
submerged in the solution and DC voltages in the range of
300-600V are applied between the electrodes. After a few
minutes, thin films of Co nanoparticles are seen to develop on
both plates when the voltage is turned off and the electrodes
are removed from the solution. The EPD films are subse-
quently annealed in an oven in the ambient at 200 °C for 6 h
to convert the Co nanoparticles into hollow Co3;0, nano-
particles [23].

Materials characterization

The Co nanoparticles and the EPD Co3;0,4 nanoparticle films
were characterized using a FEI F20 TEM, a JEOL JSM-
6610LV SEM, a Nanomagnetic Instruments atomic force
microscope (AFM) in the tapping mode, and optical micro-
scopes. The crystallinity of the nanoparticles was determined
using a Bruker Instruments x-ray diffractometer. The film
thicknesses were measured by AFM, as described in the
supplementary information.

Battery fabrication

H-LIBs were fabricated using the EPD Co3;0, nanoparticle
films as the working electrode in both Swagelok-type and
2032 size coin-type electrochemical cells. A lithium foil was
used as the counter electrode, 1 M LiPFg in a 50:50 w/w
mixture of ethylene carbonate and diethyl carbonate was used
as the aprotic electrolyte and a Celgard 2400 polypropylene
separator completed the device.

Raman spectroscopy

Raman scattering spectra were collected at 293 K in air from
the Co304 nanoparticle anodes at different stages of the bat-
tery cycles. For Raman spectroscopy only Swagelok cells
were used since it is easier to disassemble these batteries.
Four Swagelok cells were assembled using EPD Co3;0,4
nanoparticle film anodes with almost identical film thicknesses of
~1.2 ym. The first battery was stopped after the first discharge,
the second was stopped after the first discharge/charge cycle, the
third was stopped after the 25th discharge/charge cycle and
the fourth was stopped after the 100th discharge/charge cycle.
The batteries were disassembled and the CozO, nanoparticle
anodes retrieved. The anodes were gently cleaned with ethanol to
remove trace electrolytes. Raman spectra were collected from
each of these electrodes as well as a pristine EPD Co304
nanoparticle anode. Raman scattering spectra were excited using
the linearly polarized output of a solid state laser (532 nm) with

13.6 mW of power in a spot diameter of ~1.0 yum at the sample,
and were dispersed and detected using a single-axis mono-
chromator equipped with a charge-coupled detector array (Horiba
XploRA, Edison NJ). All Raman spectra were collected unpo-
larized and in the backscattering geometry.

Results and discussions

EPD of Co nanoparticles

Scalable nanomanufacturing requires nanomaterial assembly
methods that are repeatable, durable, environmentally safe,
and result in films that are mechanically robust, possess
interparticle connectivity and patternable. This places severe
demands on the methodologies to be used in forming nano-
material assemblies. Conventional methods of slurry cast and
spin cast that are used in bulk materials are hardly applicable
for assembling nanoparticles. Accordingly, nanoparticle films
formed by such methods are fragile and lack interdot con-
nectivity. Recently advances have been made through ligand
exchange mechanisms whereby the original and sometimes
bulky ligands are replaced by shorter and conducting linkers
to improve interdot connectivity [24, 25]. However, this could
potentially add a new component to consider while extracting
the unique nanoscale physics in modeling the results.

A strong alternative in the form of EPD has emerged over
the last few years and has already progressed significantly in
addressing the problems associated with large-scale and well-
controlled assembly of nanoparticles [26-28]. Recent appli-
cations of EPD in nanomanufacturing include orders of
magnitude enhancement in the conductivity of nanoparticle
thin films, fabrication of nanocomposites for improving
antibiotic delivery and graphene nanocomposites for appli-
cation in solar cells and field effect transistors [29-32].

Using a setup as shown in figure S1, we deposited Co
nanoparticles onto copper substrates that were subsequently
converted into films of hollow Co30,4 nanoparticles, and were
directly used as the anodes in H-LIBs. The film thickness was
found to be dependent on the deposition time, nanoparticle
density in the solution, and the voltage applied. For a typical
electrode separation of 1.8 mm, 550V DC and 10 min of
deposition, the film thicknesses were found to be between 1
and 3 um.

The results between the conventional slurry cast or spin
coated films and the EPD films are stark. Whereas the con-
ventional methods result in significant amount of material
waste, EPD has almost zero waste and the film thickness can
be controlled within a fraction of a micron, as shown in figure
S3. Once a film is deposited the remaining nanoparticle
solution can be used for the next film or can be saved for later
use. EPD results in Co3;04 nanoparticle films on copper cur-
rent collectors without the need for any polymeric binders and
conducting carbons. Standard DC conductivity measurements
carried out on EPD Co304 nanoparticle films and on dry cast
films show that the former is at least an order of magnitude
more conducting, as shown in figure S4. Further extensive
comparative studies between the conventional slurry cast
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films and the EPD films have been reported demonstrating the
superior mechanical stability of the latter films in [5], where
one of us was a co-author. This paper will only focus of
H-LIBs fabricated with EPD films.

Properties of the Co nanoparticles and the electrophoretically
deposited Cos0, nanopatrticle anodes

The Co nanoparticles and the EPD Co304 nanoparticle
anodes were analyzed using visible microscopy, TEM, SEM,
AFM, and XRD. The as synthesized Co nanoparticles were
approximately 11.87 £ 1.16 nm in diameter as shown in the
TEM images of figures 1(a) and (b), and as described in the
supplementary information. HRTEM image (figure 1(b))
shows lattice fringes that demonstrates that the nanoparticles
are crystalline.

The TEM image in figure 1(c) shows that the Co nano-
particles have converted into hollow Co3;0, nanoparticles
upon annealing. The well-known Kirkendall effect that is
responsible for such hollow oxide nanoparticle formation
results in two reactive surfaces—the outer surface and the
inner surface—on each nanoparticle that could make these
nanoparticle film anodes useful for faster LIBs [22, 23].

Figures 1(d)—(f) are micrographs of the EPD films. The
optical micrograph in figure 1(d) shows that the Co;O,4
nanoparticle films are cm in lateral dimensions and that the
films crack as the residual solvents evaporate once EPD is
completed. The AFM image of figure 1(e) shows that the
cracks are about 1 ym in width and are quite pervasive and
the higher magnification SEM image of figure 1(f) shows
dense packing of the Co3;04 nanoparticle in the EPD films.

XRD patterns shown in figure 1(g) show that the as
synthesized Co nanoparticles crystallize in e-Co phase as seen
previously [22, 23]. The Co nanoparticles got converted to
Co304 nanoparticles upon 6 h of annealing at 200 °C, as
shown in the XRD pattern in figure 1(g). Since XRD was
performed on the EPD Co3;0,4 nanoparticle films on copper
substrates, we see the x-ray peaks of the substrate as well in
the two annealed films.

Electrochemical performance of the electrophoretically
deposited Cos0, anodes in H-LIBs

The electrochemical reactions in LIBs with Co3;0,4 anodes
have been shown to be [5, 6]:

C030,4 + 8¢~ + 8Li* < 4Li,O + 3Co. (1)

Several studies have indicated that following the first
discharge the following reaction takes place with the forma-
tion of CoO:

Co + Li,O < CoO + 2¢~ + 2Lit. 2)

The electrochemical properties of the H-LIBs formed
with EPD Co;0,4 nanoparticle film anodes were tested using
cyclic voltammetry (CV) and galvanostatic charge/discharge
cycles at different rates and as a function of film thickness.
CV measurements that shed insights into the redox reactions
of the battery were performed at a rate of 0.1 mV s~ ' in the
range of 0.2-3.0 V. As shown in figure 2(a) the first cycle
shows a major broad oxidation peak at 2.1 V and one major
reduction peak at 0.56 V. On subsequent cycles the major
oxidation peak shifts to 2.16 V whereas the main reduction
peak shifts to 0.95V at the end of the sixth cycle. These
trends are similar to what have been seen in other Cos;0,4
nanomaterials based LIBs [5]. The smaller satellite peaks
around the major peaks are due to fact that Coz0,, as dis-
cussed in Raman analysis section later, is composed of Co”"
and Co** ions, and the oxidation and the reduction voltages
of these species are different. Detailed CV analysis of Co3;0,4
nanomaterial based batteries is available in literature [5, 8].

Figures 2(b) and (c) show the galvanostatic charge/
discharge at rates C/15, C/7.5, C/5, C/3 and finally back to
C/15, each for five cycles for an H-LIB fabricated with
1.2 um thick Co3;04 nanoparticle film. The first discharge
capacity is found to be more than 1800 mAh g~" which is
more than the theoretical value of 890 mAh g~ that can be
determined from equation (1). Significantly larger discharge
time and discharge capacity for the first cycle have routinely
been seen other published reports [5].

The ‘extra’ capacity is probably due to the formation of the
solid electrolyte interface (SEI) and parasitic capacitance that are
characteristics of thin film electrode batteries. An additional
contribution in our H-LIBs could be from copper oxide thin films
that might have formed on the copper current collectors when the
EPD Co nanoparticles were being oxidized in the oven.

To determine the contribution of copper oxide to the
overall capacity, H-LIBs were formed with bare copper plate
anodes after being oxidized at the same temperature and
duration as those used for converting Co into Co3z04. As
shown in the inset of figure 2(b), the average capacity of these
‘null’ batteries was found to be 89 mAhg ' at the first dis-
charge that decreased to 18 mAhg™' at the end of the 10th
cycle. From this we determine that the contribution of copper
oxide to the overall capacity in our H-LIBs is negligible.

The gravimetric capacity decreases to 802mAhg~' at
the first charge cycle at C/15 which is almost 90% of the
theoretical value. The capacity decreases as the current is
increased and reaches 303 mAh g~ ' at the maximum current
of 0.5mA, C/3. The capacity, however, recovers almost to
the initial 800 mAh g~ range when the current is cycled back
to the C/15 rate. These capacities should be compared with
those of the graphite electrodes (372 mAh g~ ') that are used
in commercial LIBs.

In order to determine the cycle lives of the H-LIBs
formed with EPD Co3;0,4 nanoparticle films we subjected the
H-LIBs to continuous charging /discharging at a rate of C/5.
As shown in figure 2(d), the H-LIBs, starting with an initial
capacity of 606 mAh g~ ', retained a capacity of 300 mAh g~
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Figure 1. Nanomaterial synthesis and characterization for H-LIB anodes. TEM image of Co nanoparticles (a) upon synthesis and size
selective precipitation shows an average diameter of the nanoparticles to be 11.87 £ 1.16 nm. HRTEM (b) shows lattice fringes that
demonstrates that the nanoparticles are crystalline. TEM image of Co;0,4 nanoparticles (c) shows that the solid Co nanoparticles get
converted into hollow Co3;0,4 nanoparticles upon annealing in the ambient. The optical micrographs (d) and low magnification AFM image
(e) show that the EPD nanoparticle films crack due to post deposition solvent evaporation and that the films are flat. SEM image (f) shows
that EPD results in dense packing of the nanoparticles. XRD spectra (g) of cobalt nanoparticle powder and of the Co30,4 nanoparticle film on
copper current collector and comparison with the reference data for e-Co and bulk Co;0,4 show the crystallinity of the nanomaterials. Also
seen are the x-ray features from the copper substrate. The scale bars in (a), (b), (c), (e) and (f) are 20 nm, 2 nm, 10 nm, 1 gm and 40 nm,

respectively.

at the end of 200 cycles when the capacity dropped
precipitously.

In order to determine the capacity dependence on nano-
particle film thickness H-LIBs were also fabricated with
Co30,4 nanoparticle film anodes of thicknesses 3.4 and
0.8 um. As shown in figure 2(d) the capacity with the 3.4 um
thick anode was significantly lower than that of the H-LIB
with 1.2 um thick anode and the capacity of the H-LIB with
0.8 pum anode thickness was comparable to that of the H-LIB

with 1.2 ym anode thickness. We conclude from these results
that H-LIBs formed with EPD Co3;0, nanoparticle film
anodes will exhibit the best performance with anode thick-
nesses in the range of 1.0 um.

We note that the capacity of the H-LIBs that we are
fabricating in our lab, while significantly better than the
current state of the art graphite electrodes, are, however, less
than those reported in previous literature [5, 33]. For example
in [5], in which one of us was a co-author, the capacity was
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Figure 2. Electrochemical properties of H-LIBs with Co30,4 nanoparticle film anodes. First cycle cyclic voltammetry (a) shows major

oxidation and reduction peaks at 2.1 V and 0.56 V, respectively. On subsequent cycles the major oxidation peak shifts to 2.16 V whereas the
main reduction peak shifts to 0.95 V at the end of the sixth cycle. Galvanostatic charge/discharge at different current rates (b) and (c) show
gravimetric capacity retention and recovery after 25 cycles. The inset shows that the contribution from copper oxide to the overall capacity is
negligible. Cycle lives of H-LIBs fabricated with Coz04 nanoparticle film anode of different thicknesses show (d) that H-LIBs fabricated
using our methods retain at least 50% of the original capacity after almost 200 cycles and that the optimum performance is seen in H-LIBs

with anode thickness of approximately 1 pm.

reported to be near the theoretical maximum value of
890 mAh g~ ! at the end of 50 cycles of charge /discharge at
C/20 rate. This requires almost 100% of the Co304 nano-
particles getting converted into LiO, and elemental Co on
discharge, and 100% of the LiO, and Co reconstituting into
Co30, nanoparticles upon charge. This is indeed an extre-
mely stringent requirement. Formation of nanoparticles
requires the constituent reagents to be mixed at the right
temperature, formation of nuclei and Oswald ripening. How
these exact parameters are achieved inside a LIB is not clear
to us. We demonstrate later through Raman spectroscopy that
a portion of the nanoparticles in our H-LIBs do not participate
in the chemical reaction and that the nanoparticles undergo
significant strain release as the battery progresses through its
cycles.

Raman spectroscopic analysis of Cos0O4 nanoparticle anodes
in H-LIBs

Raman spectroscopy has been found to be advantageous for
materials characterization over other diagnostic tools like
TEM, XRD, XPS and photoluminescence due to the facts that

the former method is noninvasive and nondestructive,
requires little or no sample preparation steps, can be per-
formed either in the ambient or at the same conditions at
which a material is to be used in a typical application, and
finally, it does not require the material to possess a specific
bandgap. Accordingly, Raman scattering has been widely
used in identifying structural and electronic phases in solids,
thin films, and nanostructured semiconductor and oxide
materials, since scattering by phonons and electronic degrees
of freedom together provide unique signatures of atomic,
polar and electronic ordering [34-38].

Despite its wide range of potential reports on Raman
spectroscopic studies in battery technology is few and far
between. The electrochemistry of LIBs composed of Co304
thin film anodes was investigated using XRD and Raman
spectroscopy by Liu et al [8]. Raman and infrared
spectroscopy has been used lately to investigate the formation
of SEI in Li and Na based batteries [39, 40]. To the best of our
knowledge no Raman studies have been undertaken to
investigate the electrochemistry of LIBs composed of Co3;0,
nanoparticles.
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Figure 3. Raman spectra of Co30,4 nanoparticle anodes. In the Raman spectra (a) from the Co304 nanoparticle anodes at different stages of
the battery cycling, the copper oxide peaks are shown with asterisks and the peak position of bulk Co;0,4 are shown with vertical lines.
Lorentzian fits to the Raman spectra from pristine Co;04 nanoparticle anodes (b) and from the anode after the first discharge cycle (c) show
the Raman signatures of Li,O upon discharging of the battery. The trends in Raman peak positions show signatures of strain relaxation in
Co304 nanoparticles. For clarity the trends of these peaks are shown individually in (d). The x-axes labels in (d) correspond to battery cycle
index. 1—Co304 bulk, 2—Co030,4 nanoparticle pristine anode, 3—Co030,4 nanoparticle anode after first discharge, 4—Co030,4 nanoparticle
anode after 1 discharge/charge, 5—after 25th charge, 6—after 100th charge.

Table 1. The Raman peak positions at different stages of battery
cycles.

Battery activity

l F2g Eg F2g F2g Alg
Bulk Co304 194 488 522 618 691
Pristine electrode 188 463 505 598 661
Fist discharge 186.5 465 5435 580.5 660.0
Fist discharge/charge  189.5 469.5 5125 608.0 676
25th discharge/ 190 465 509  603.0 6655
charge
100th discharge/ 190.25 466.5 511 605.5 670.5
charge

Nanoscale unique properties, e.g., quantum confinement,
surface strain, impurities, etc, are extremely important for
battery performance and these are the same properties that can
be studied extensively with Raman spectroscopy. We per-
formed Raman studies on the Co30,4 nanoparticle anodes at
the following stages of the battery cycling: the pristine Co3O4
nanoparticle anodes, after the first discharge of the battery,
after first discharge/first charge cycle, after 25 cycles of
discharge/charge at various rates, and after 100 cycles of

discharge /charge. Figure 3(a) and table 1 summarize the
Raman spectra from each of these samples along with the
bulk values acquired from literature [41]. In summary, our
studies show clearly that Co3;04 nanoparticles convert to
elemental Co and LiO, when the battery discharges. How-
ever, our results also indicate that the nanoparticles may not
completely reconstitute back to their initial spherical shapes
upon re-charging, a result that is of significance but has so far
received scant attention.

Before discussing the Raman spectra from the EPD
Co30,4 nanoparticle film anodes we note that since all the data
were collected from the nanoparticle anodes with the copper
substrates that were annealed in the oven for 6 h at 200 °C
there must be contribution from copper oxide to the overall
Raman spectra. The copper oxide peaks are shown in
figure 3(a) with asterisks. The position, shift, and evolution of
these peaks are similar to what Akgul er al observed in their
Raman study of copper oxide thin films grown on glass
substrates [42], and in our case can be explained by con-
tinuous oxidation and crystallization of the copper oxide
substrate as a result of temperature rise inside the LIBs. Since
this is not relevant to the physics of nanoparticle based LIBs,
we will not discuss this effect in this paper.
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Co304 crystallizes in the normal spinel structure
C02+(C03 +)2(027)4 with the space group Fd3m (Number 227).
Co*" and Co®" occupy the tetrahedral and octahedral sites,
respectively. The primitive unit cell contains 14 atoms. Normal
mode enumeration shows that the normal spinel crystal
structure has 27 optical modes and are classified as
Arg(R) + EyR) + 245,(IR) + 2E,(IR) + 3F5(R) + Fiy(R) +
2F5,. The A 4(R), E5(R) and the F>,(R) modes are Raman active
[43]. Hadjiev et al and Alrehaily et al conducted Raman studies
of bulk Cos0,4 [41, 44]. The former group, conducting the
spectroscopic study at 312 K, observed the following five peaks:
F>, at 194 Cmfl, E; at 438 cmfl, F>, at 522 cmfl, Fy, at
618 cm™! and Ajgat 691 cm~ L. Our Raman spectrum, as shown
in figure 3(a) and table 1, from pristine Cos;0O4 nanoparticle
electrodes show the following results: Fa, at 188 cm ™', E, at
463 cm™!, Fye at 505 cm™', Fa, at 598 cm™' and A, at
661 cm~'. When compared to the bulk Raman signatures we
observe an across the board red shift which is a unique signature
of Raman spectra of nanoparticles.

The Raman spectra from nanoparticles can be drastically
different from their bulk counterparts due to a myriad of
factors including, but not limited to, phonon confinement,
strain, size distribution, defects and variations in phonon
relaxation with particle size. Phonon confinement is related to
the fact that whereas in the bulk, only the zone center modes
can be Raman active, in nanomaterials an increasing volume
of the reciprocal lattice space is sampled in Raman scattering
and modes other than those at the zone center can become
Raman active. Strain in nanoparticles is a well-known
phenomenon with increasing strain as the particle size
decreases [20, 21]. Size distribution leads to dispersion in
lattice constants and inhomogeneous strain which manifests
as inhomogeneous broadening in the Raman spectra. In oxide
materials the major source of defects is oxygen vacancies and
the resulting valence change of metals which, in turn, results
in strain in oxide nanoparticles.

In CeO(,_,, nanoparticles Spanier et al observed pro-
gressive red shift of the triply degenerate first order Raman
line at 464 cm™" that could be explained through increasing
lattice constant with decreasing particle size and conse-
quently, increasing strains, and phonon confinement [45].
Strain and phonon confinement, however, are not necessarily
spatially homogeneous and as such their influence on normal
modes of different symmetries could be different. For some
cases the peak shift due to strain could be in opposite direc-
tion from that due to phonon confinement, and for those
modes the overall shift could be smaller or even non-existent
as nanoparticle size decreases [45].

As shown in figure 3(a) and table 1, the Raman spectrum
collected from our pristine Co304 nanoparticle anode shows
results that are very similar to what Spanier et al observed,
namely a red shift of the prominent Raman peaks, ranging
from a minimum of 6 cm ™' for the F>, peak to a maximum of
30cm ™' for the A, peak.

The discharge of LIBs produces elemental cobalt and
Li,O, as shown in equation (1). Raman spectrum from the
first discharge cycle of our H-LIB is shown in figure 3(a) and

more clearly in figure 3(c), and reveals several key factors
relevant to the electrochemistry of the battery. First of all,
three out of five of the Raman peaks of the original material
Co304 nanoparticles are still present. These F», (186.17 cm ™ b,
E, (464.85 cm_l), and Ay (660.06 cm_l) peak positions are
almost identical to those from the pristine electrode. This
indicates the reaction is incomplete and all of the anode material
is not converted into elemental Co and Li,O. Two additional
peaks, however, at 543.5 and 580.5 cm ! seen in the spectra are
significantly different from those of the original Co3;04
nanoparticles.

The Raman signature of the conversion of Co3;0, into Co
and Li,O is complicated by the fact that the Raman peaks of
Li,O are approximately at the same position as those of the two
higher F,, peaks of Co30,4. Sanchez-Carrera et al performed
first principle calculations of the normal modes of lithium
oxides—both Li,O and Li,O,—and compared those with
experimental Raman spectra [46]. The main Raman peak of
Li,O was found to be at 523 cm™' experimentally and DFT
calculations of a molecular crystal of with two units of Li,O
determined this mode frequency to be 566 cm™'. We believe
the peaks at 543.5 and 580.5cm ™' seen in our spectrum are
due to Li,O and the homogeneous phase Li,Co3;0, that are
known to form due to Li* ion insertion into the electrode lattice
[11]. Shift of Raman peaks due to changes in the reduced mass
of Raman modes is a well understood phenomenon [47]. As for
the missing Co304 nanoparticle peaks we believe these F,
peaks are enveloped by the larger Li,O peaks.

Further indications of the peaks at 543.5 and 580.5 cm™
being contributed by Li,O are the ratios of the areas of these
peaks to the nearby E, peak between the Raman spectra from
pristine Co3;0,4 nanoparticles (figure 3(b)) and the spectra after
the first discharge (figure 3(c)). As shown in the insets of
figures 3(b) and (c), the ratios increase from less than one to
more than ten for the first peak and from less than two to
almost three for the latter peak.

The next Raman spectrum was from the H-LIB after the
first discharge/charge cycle, as shown in figure 3(a). Peak
fitting of the spectra show that all five Co3;0,4 nanoparticle
Raman peaks appear at this condition. However the peaks
have blue shifted compared to those from the pristine samples
indicating that the Co30,4 matrix is now relaxed compared to
the pristine nanoparticles. Subsequent Raman spectra taken
after 25 cycles of discharge/charge and 100 cycles of dis-
charge/charge show the presence of all five modes from
Co30, and progressive but uneven blue shifts of the peaks
indicating even more relaxation. For clarity the trends of these
peaks are shown individually in figure 3(d), where it is seen
clearly that—except for the disruption caused by the Li,O
peaks at first discharge, as shown in panel iv—the Co30,
nanoparticle peaks start out red shifted compared to the bulk
value but as the battery undergoes many cycles the peaks start
to recover, blue shift and get closer to bulk Co30;,.

The appearance of all five Raman modes after 100 cycles
of the H-LIB is a clear indication that the anode material is
Co30, nanoparticles as opposed to CoO that previous reports

1
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Figure 4. Top panel: conversion reactions in LIBs composed of nanostructured electrodes; as reported in some research articles the large size
nanoparticles get pulverized into smaller one leading to stable charging/discharging [5]. Bottom panel: in our H-LIBs with Co304

nanoparticle film anodes we observed transformation of nanoparticles films into polycrystalline materials. Raman spectra collected from the
H-LIBs show red shift of the Co304 F>, mode between bulk (x-axis label 1) and pristine nanoparticles (x label 2), indicating increased lattice
constant and tensile strain. As the battery undergoes cycles (x labels 3, 4, 5, 6) the F,, mode blue shifts pointing toward lattice relaxation and
polycrystallinity. TEM images (lower panel) collected from used Coz0, nanoparticles scrapped off the electrodes after 100 H-LIB cycles

support our assertion.

have claimed [7]. While it is true that the known Raman peaks
of CoO at 471 and 668 cm™ ' are close to those of Co30, as
shown in table 1, we believe it is more probable—based on
the appearance of all five Co30, Raman modes—that the
anode material upon 100 cycles of discharge/charge is
CO304.

The appearance of Raman peaks at energies of 944 cm™
and beyond in all the electrodes except for the pristine elec-
trode in our H-LIBs could result from species resulting from
electrolyte-nanoparticle and electrolyte-copper oxide reactions.

High capacity and high speed rechargeable batteries
operating in the conversion reaction mode require the anode
and cathode materials to undergo complete chemical changes
in each half cycle, often at different rates. This places sig-
nificant demand on the electrochemistry of these batteries as
seen from the rate dependence of the battery capacitance; as
seen in figure 2(c), as the cycle rate is increased the battery
capacitance decreases. Additionally, since the lattice con-
stants of the reactants and products are different (equation (1))
the electrode materials undergo significant amount of
expansion and contraction at each cycle which affects the
mechanical stability of the electrodes and very often results in
pulverization leading to degradation of the battery. While
nanoparticles possess the unique characteristics of being able
to accommodate strain through volume expansion without
pulverization and consequently without significant capacity
fading there have been little study of the actual physical
mechanism of this effect. It is obvious that the mechanism of
lithiation for electrodes composed of quasi-spherical nano-
particles will be different from those composed of planar thin
films. Nanoparticles are already under tensile strain due to the

1

increase of lattice constant with decreasing particle size and it
is not obvious how the strain accompanied by lithiation and
chemical conversion affect their overall crystal structure.
Previous efforts to determine the electrochemistry in LIBs
mostly focused on the gravimetric capacity. However, for
light-weight batteries parasitic capacitance can play an outsize
role, and as such it is difficult to determine how much of the
anode materials participate in the charge /discharge processes.

The authors of [5] claimed that after the first cycle the
larger size nanoparticles get pulverized into smaller ones
(figure 4, top panel). However, we believe the TEM images
that were used to make this claim do not clearly show indi-
vidual smaller nanoparticles. Additionally, no justification
was presented for why the nanoparticles will settle down on a
specific size and not continue to get pulverized. We believe,
on the contrary, that the large nanoparticles do not break
down into smaller ones upon discharging and charging, based
on the fact that in our experiments the Raman peaks after the
first discharge/charge cycle do not show continuous red shift
corresponding to higher strains from smaller nanoparticles.
On the contrary, the peaks, as seen from figure 3(d), show
signs of blue shift or strain release. TEM collected from used
Co30,4 nanoparticles scrapped off the electrodes after 100
H-LIB cycles (figure 4 bottom panel) clearly shows poly-
crystalline domains. The same TEM is shown with better
clarity in figure S5 in the supplementary information. We
believe this shows that in the equilibrium, after several cycles
the anode material acquires a polycrystalline structure which
is able to accommodate the strain imposed by lithiation more
efficiently compared to the bulk materials or nanoparticles.
We show such effects schematically in figure 4, bottom panel.
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Conclusion

Fundamental electrochemistry of Coz;O,4 nanoparticle anode
based H-LIBs is investigated through TEM, SEM, AFM,
galvanostatic charge/discharge cycles, CV, and Raman
spectroscopy. The batteries were found to possess long cycle
lives with two hundred charge/discharge cycles with at least
50% retention of the initial capacity. Raman spectroscopy
reveals that an incomplete conversion of the Co3;O4 nano-
particle into LiO and elemental Co takes place after a full
discharge process and that as the charge/discharge processes
continue the nanoparticles experience strain relaxation. This
strain relaxation point to Li,O and elemental Co not fully
reconstituting into the original Co3;O,4 nanoparticles upon a
charge cycle.
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