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ABSTRACT: We report the synthesis of CuO material by molten salt method at a 12007 CuO; 0.005-3.0V;

temperature range, 280 to 950 °C for 3 h in air. This report includes studies on the 1990 Current rate: 60mAg”

effect of morphology, crystal structure and electrochemical properties of CuO prepared f "

at different temperatures. Obtained CuO was characterized by X-ray diffraction (XRD), £ 8001 : 7?0 C
scanning electron microscopy (SEM), and Brunauer—Emmett—Teller (BET) surface £ 600-4::9“ 0 95ogéassssasasasomooom o
area methods. Samples prepared at 2410 °C showed a single-phase material with a a;-;‘ 400 Httaacecasae §807¢
lattice parameter value of a = 4.69 A, b = 3.43 A, ¢ = 5.13 A and surface area values are  § °:2:::::cueoua.,,,‘,5u19°ﬁ quﬁ?ﬁeeﬁﬁaaa
in the range 1.0—17.0 m*> g~". Electrochemical properties were evaluated via cyclic & 2001 e S0
voltammetry (CV) and galvanostatic cycling studies. CV studies showed a minor 0 slow cooled
difference in the peak potentials depending on preparation temperature and all 0 5 Cyclezrgu rrl\,ge 30 35 40

compounds exhibit a main anodic peak at ~2.45 V and cathodic peaks at ~0.85 V and

~1.25 V vs Li. CuO prepared at 750 °C showed high and stable capacity of ~620 mA h

g ! at the end of 40th cycle.
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Bl INTRODUCTION

Lithium-ion batteries (LIBs) have a wide range of uses from cell
phones to hybrid vehicles. The commercially used anode
material for LIBs is graphite' which has disadvantages of poor
cyclability at high current rate and low theoretical capacities of
374 mA h g™' . The 3d metal oxides"* (MO, M = Co, Ni, Fe,
etc.) generally have high theoretical capacity and high reversible
capacity and are more eco-friendly, therefore, they have been
given increasing attention to serve as anode material of LIBs
and as a replacement of graphite.>™> The electrochemical
properties and conversion reaction mechanisms of binary metal
oxides have been reported by Poizot et al. in the year 2000.°
Later, Li-cycling properties of a variety of simple and complex
metal oxide materials were studied by different groups.'

Early Li-cycling studies on CuO by the group of
Tarascon,”® later different CuO nanostructures were prepared
by variety of chemical methods and its electrochemical
properties are nicely summarized in the recent reviews.">
Some of the additional recent studies have prepared CuO in the
form of rods,” CuO/C core—shell nanowires,° nanocrystalline
bundlelike morphology,11 Thin film Cu,O-TiO, (x = 1, 2)
nanomaterials,"> CuO nano composites,13 CuO/Cu,0 compo-
site in the form of mesoporous microspheres'* and films.">"'®
However, most of the preparative methods cannot avoid the
problem of tendency of capacity fading.

Molten salt synthesis is one of simple versatile method to
prepare various oxides,'” >* phosphates®®?” and photonic
crystals.”® For academic interest presently, we report reactivity
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of CuSO, in 0.88MLINO;: 0.12 M LiCl molten salt in
temperature range of 280—950 °C for 3 h in air and structure,
morphology and its electrochemical properties. To the best of
our knowledge, we are the first to report the preparation of
CuO by molten salt method at various temperature and its
detailed structural, morphology and electrochemical properties.

B EXPERIMENTAL SECTION

Preparation of CuO. CuO powders were prepared using MSM by
mixing CuSO, SH,O (Aldrich, purity 99%) and 0.88 M LiNO;:0.12 M
LiCl composition (LiNO;: Alfa Aesar, purity 99%; LiCl: Merck, purity
99%) with a molar ratio of 1:10. Here existence of LiNO, and LiCl act
as an oxidizer and mineralizing agent™ respectively. The mixture was
then heated in an alumina crucible at 280 °C for 3 h in air in a box
furnace (heating and cooling rate: 3 °C min™"). Afterward, the mixture
was washed with distilled water to remove excess soluble Li-salts and
the filtered powder was dried in an air oven at 70 °C overnight. 3—S5 g
of final CuO powder was obtained and stored in a desiccator for
further characterization. To understand the effect of preparation
temperature on formation mechanism, CuO powders were prepared at
410, 510, 750, 850, and 950 °C. Moreover, we prepared another batch
at 510 °C but quenched to test whether a different way of cooling
would affect electrochemical properties.

Characterization. Structural properties were determined by
powder X-ray diffraction (XRD), scanning electron microscopy
(SEM), and Brunauer, Emmett and Teller (BET) surface area
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Figure 1. XRD patterns and crystal structure of CuO: (a) comparison XRD profiles of all the samples, (b) Rietveld refined XRD pattern of CuO
prepared at 750 °C. The black circles correspond to observed data, the red line is the theoretical pattern, the black line is the difference between the
observed data and the calculated pattern, and the vertical black bars represent the expected positions of the Bragg reflections; (c) general
crystallographic representation of monoclinic CuO unit cell, red, oxygen; and pink, Cu.

method. The instrumentation details of above techniques are
provided.*® To fabricate electrodes, we mixed CuO powers as active
material, super P carbon black (ENSACO, MMM Super P, 230
m’g™"), and Polymer Kynar 2801 as the binder with a weight ratio of
70:15:1S. This mixture was dispersed in N-methyl pyrrolidone (NMP,
Alfa Aesar) solvent to form uniform viscous slurry. The slurry was then
coated on to etched copper-foil (Shenzhen Vanlead Tech. Co. Ltd,,
China) using doctor-blade technique and dried in an air oven at 70 °C
for 12 h. The copper-foil coated with composite material was then
pressed between twin rollers and cut in to circular discks with diameter
of 16 mm (geometric area: 2.0 cm?). These electrodes are dried in a
vacuum oven at 70 °C for 12 h. The coin-type test cells (size 2016)
were fabricated by assembling the composite electrode as anode, 1 M
solution of LiPFy in ethylene carbonate (EC) and dimethyl carbonate
(DMC) (1:1 by volume; Merck) as electrolyte, Whatman glass fiber
paper (Aldrich) as a separator and Li-foil (diameter: 16 mm, thickness:
0.595 mm, Kyokuto metal Co. Ltd., Japan) as the counter and
reference electrode. They were assembled using a coin cell crimper
(Hosen, Japan) in argon-filled glovebox. The cells were tested using
galvanostatic cycling and cyclic voltammetry techniques carried at
room temperature 25 °C. More details on instrumentation are
reported elsewhere.”*3"*

B RESULTS AND DISCUSSION

Structure and Morphology. Prepared samples were in
powder form and black in color except the sample prepared at
280 °C, which was green powder. Rietveld refinement of all the
XRD patterns were fitted using TOPAS software (version 2.1).
Figure la presents XRD patterns of all compounds and
Figure.1b represents Rietveld refined XRD pattern of 750 °C
sample. It shows that the experimental XRD pattern matches
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well with the refined data, which indicates final samples are in
pure phase and absence of LixCuO, phases. The fitted lattice
parameters are a = 4.693 A, b = 3.428 A, ¢ = 5.13 A. Obtained
lattice parameter values are close to JCPDS card no. #89—5899
(a =4689(2) A b =342(2) A ¢ =513(2) A) and previous
studies S. Grugeon et al® (a = 4.679(6) A, b =3.425(6) A, c =
5.118(8) A). Form the lattice parameter values CuO clearly
shows a monoclinic structure. The (hkl) lines in the XRD
patterns were generally consistent (except 280 °C prepared
sample) in terms of the peak position and the height. However,
we can see some minor peaks at 12, 16, and 24° (26) in the
XRD pattern of 950 °C prepared sample. Those peaks
belonged to LixCuOx phases and further careful structural
studies are needed.

SEM images of CuO prepared at different temperatures are
shown in Figure 2a—f. Particle sizes of obtained samples are in
micrometer size range. As shown in figures, CuO prepared at
410 and 510 °C (quenched and slow cooling) (Figure 2a—c)
showed irregular cauliflower-like shape, and samples prepared
at 750, 850, and 950 °C showed regular needle shape, except
that 950 °C sample has higher tendency to form nanowall like
morphology (Figure 2d—f). BET surface area of CuO prepared
at different temperature range from 0.1 to 25 m® ¢! and the
pore diameter of the samples range from 13.9 to 23.2 nm (table
1).

Electrochemical Studies. Galvanostatic cycling was carried
out in the voltage range, 0.005—3.0 V, and at a current rates of
60 mA g~' and 600 mA g~ (Figure 3). For clarity, the 1, 2, 10,
15, 20, and 25 cycles voltage vs capacity plots of CuO-750 °C at
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Figure 2. SEM images of CuO prepared at (a) 410 °C, 10K
magnification, bar scale 1 um; (b) 510 °C (quenched), 10K
magnification, bar scale 1 um; (c) 510 °C, 10K magnification, bar
scale 1 um; (d) 750 °C, 10K magnification, bar scale 1 ym; (e) 850
°C, 10K magnification, bar scale 1 ym; (f) 950 °C, 10K magnification,
bar scale 1 ym.

a current rate of 60 mA g~' are shown in Figure 3a and cycling
profiles of other CuO materials prepared at different temper-
ature are shown in Supporting Information (SI) 1. The first and
second cycle plots of CuO prepared at different temperature
are shown in panels b and c in Figure 3, and those with current
rate of 600 mA g~ are shown in panels d and e in Figure 3,
respectively. The cycling profiles at low current rate (i.e.,, 60 mA
g™") (Figure 3b) during first discharge showed a intercalation
region at ~2.20 to 1.5V, a structure destruction/amorphization
at ~1.0 V, and a solid electrolyte interphase (SEI) at low
voltage (below 0.5 V) for high temperature samples (750, 850,
and 950 °C). Whereas at low temperature prepared samples
(410 and 510 °C), we observed only a voltage plateau at ~1.2
V. In subsequent discharge profiles, we observed similar
features a voltage plateau ~1.4 and ~0.9 V. The discharge
and charge capacity values are shown in Table 1.

The capacity vs cycle number plots are shown in panels a and
b in Figure 4. discharge, reversible capacity and capacity fading
values at current rate of 60 mA g~' are given in Table 1. The
irreversible capacity loss of low temperature prepared samples
was ~70% while that of samples prepared at high temperature
was lower than 40%. From second cycle onward, 410 and 750
°C samples exhibits low capacity loss (less than 6%) up to 40th
cycle (Tablel). Comparison of capacity values of CuO-
prepared at 510 °C slow cooled and quenched samples, we
found out that the capacity fading of the former is much lower
while the absolute reversible capacity of the latter was higher.
Notably, CuO-750 °C compound showed very high and stable
reversible capacity of 615 (+ S) mA h g™! at the end of 20th
cycle and a capacity fading of 0.76 mAh g™' per cycle in the
range of second-45th cycle. Our capacity retention values are
better than the result previously reported by Xiang etal,>* Mai
et al.>* and Garcia etal.'®> Mai etal®* obtained a stable capacity of
~500 mA h ¢! and a capacity fading of ~2.5 mA h g per
cycle. A few reports of such higher- than- the theoretical
capacity of CuO are: MWCNTs into leaf-like CuO nano-
plates,33 graphene-supported shuttle- and urchin-like CuO
nano structures.> Our values are close to reported studies on
CuO nanowires by Chen etal.*® The probable reasons for the
improved performance of MSM-CuO was correlated to
optimum surface area, morphology and defect-free crystal
structure. We do not note many comparative studies on the
effect of preparation temperature on CuO, and this is first
report on Li-cycling studies with various tempearatures; for
academic interests, it will be nice to further study the
spectroscopy and oxidation states of CuO.

Cyclic voltammetry studies were carried out with a potential
range of 0.005—3.0 V vs Li/Li" at a scan rate of 58 mV s7L. The
results of cyclic voltammograms were shown in Figure Sa—e.
For clarity, only selected cycles are shown and expanded graph
of 410 °C, 510 °C (quenched and slow cooling) are shown as
well (Figure Sa, b, d). It is clear to see the first cycle CV curves
of 410 °C, 510 °C (quenched and slow cooling) compounds
(Figure Sd) are of the similar shape, and first CV cycle of 750
°C, 850 and 950 °C compounds (Figure Sc, e) are in close
resemblance. This result matches with the comparison we made
earlier on SEM images and galvanostatic cycling results. The
difference in peak intensity could due to the morphology,
surface area, oxidation state, mass of the active material, and it is
well-known that CV peaks currents are sensitive to mass of the
active material.”” In the first discharge cycle, common cathodic
peaks are at 0.9—1.25 V for all compounds, (Figure S), 0.7—
0.85 V for 750, 850, and 950 °C (Figure Sc, e), and ~2.0 V for
850 and 950 °C. (Figure Se). These three main peaks
correspond to a multistep electrochemical reaction (from
high potential to low potential) that involves (i) reductive
reaction from CuO to intercalation phase with a LixCuO-type

Table 1. Morphology, Surface Area, Discharge, Charge Capacity, and Reversible Capacity Fading (current rate, 60 mA g') of

All the Samples

CuO prepared by molten BET surface area

salt method at particle size/structure (m’g™")
410 °C micrometer-sized particles 0.20 (+ 0.02)
510 °C (slow cooling) 0.19 (+ 0.02)
510 °C (quenched) 0.61 (+ 0.02)
750 °C submicrometer-sized 17.34 (+ 0.1)
850 °C particles and flakes 11 (+ 0.1)
950 °C 2537 (+ 0.1)

1st discharge/ 1st charge/ (+5)  40th charge/  Capacity fading (2—40
(+10) mAhg™ mAhg™! (£S)mAhg™! cyc.) %
954 277 236 5.98
1031 283 227 10.63
1145 364 249 27.41
1090 679 619 5.64
1086 692 551 17.76
948 5§73 432 19.85
4363 dx.doi.org/10.1021/am400579q | ACS Appl. Mater. Interfaces 2013, 5, 43614366



ACS Applied Materials & Interfaces

Research Article

3.0] (a) CuO; 750°C; 0005 3.0V;
7 10.424mA;
160mA/g

i')

25,20,15,10,5,2,1

Ll <2

gn.o- N 1
3 05 "N

S 25,20,15,10,5,2)

0 200 400 600 800 1000 1200
Capacity/mAhg™

3.0](0) CuO; 0.005-3.0V; 60mA/g; ,. .-

J25 —510°C

slow cooling

%20 510°C

>15 quenched

- —750°C

g10 850°C

0 0.5- \——950°C
> s N

0.0 T : - T ———r
0 200 400 600 800 1000 1200

Capacity/mAhg”

3.0 (€1CuO; 0.005-3.0V; 60mA/g;

o ag ' <~ 410°C
pr —510°C
g‘ 2.0 slow cooling
> 15 510°C
B quenched
2 1.04 —750°C
pi
© 05- 850°C
= 50°C

0.0 T v T
0 200 400 600
Capacity/mAhg™

](d) CuO; 0.005-3.0V; 600mA/g;

1000

0.0 T T - T
0 200 400 600 800
Capacity/mAhg”

Figure 3. Galvanostatic discharge—charge cycling curves of (a) CuO-750 °C; (b) 1st cycle plot of CuO 410, 510, 510 (quenched), 750, 850, and 950
°C; (c) 2nd cycle plot of CuO 410, 510, 510 (quenched), 750, 850, and 950 °C; (d) 1st cycle plot of CuO 750, 850, and 950 °C; current rates are

labeled above.
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Figure 4. Discharge capacity vs cycle no. plots of (a) CuO 410, 510, S10 (quenched), 750, 850, and 950 °C at 60 mA g_l; (b) CuO 750, 850, and
950 °C at 600 mA g~". Closed symbol, discharge capacity; open symbol, charge capacity.

structure; further decomposition of CuO into copper nano-
grains embedded into a Li,O matrix.” Cathodic scan reaction
can be written as CuO+2Li+2e~ —Li,CuO—Cu + Li,O. The
extra peaks of 950 °C at 0.77 and 1.35 V (Figure S) can be
probably attributed to the destruction of extensive nanowall
structure. The lack of first step reductive potential in 750 °C is
due to the low starting cell voltage (~1.9 V, whereas others are
at ~2.5 V (Figure 5). Slight differences in peak potentials are
seen in CuO prepared at 410 and 510 °C (both quenched and
slow cooling). Between 0 and ~0.3 V, we can see another
reductive process, and this can be attributed to the reduction of
solvent in the electrolyte and hence the growth of polymeric
layer. During the first charging cycle, except common anodic
peak observed 0—0.5 V. Another common peak is at ~2.43—
2.53V, and it is attributed to oxidation of Cu to CuO and most
common reformation of CuO peak obtained at 2.73 to 2.80 V
for the samples prepared at 750 °C, 850 and 950 °C. The
charge or anodic scan reaction can be written as Cu + Li,O—
CuO + 2e™ + 2Li. Second cycle and onward, we observed that
all peaks of first cycles are slightly shifted to higher potential
with similar shape. The diminishing peaks indicate the capacity
fading showed in galvanostatic cycling earlier. As shown in
panel d in Figure S, fifth cycle of all compounds (except for
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fourth for 410 °C) showed a similar shape with difference in
peak intensity, which can be attributed to the amount of
effective compound within cells. The main cathodic and anodic
peaks of 750, 850, and 950 °C fit well with the CuO and CuO/
graphene prepared by hydrothermal synthesis.>* Slight differ-
ences in peak potentials are seen due to reaction temperature,
initial salt and preparation methods.

Bl CONCLUSIONS

We have successfully synthesized nano/submicrometer size
CuO composites using MSM at different temperatures.
Materials were characterized by XRD, SEM and BET surface
area methods. Galvanostatic cycling of CuO prepared at 750 °C
at 60 mA ¢! in the voltage range, 0.005—3.0 V exhibits first
charge capacity of 679 mA h g™'. At the end of 20th cycle, it
exhibits a high and stable discharge capacity of ~61S5 (+ 5) mA
h ¢!
discharge/charge reaction plateau potential was ~0.9—1.25 V
and ~2.25-2.45 V vs Li/Li%, respectively. For practical
applications lower discharge—charge potentials are needed.

. CV and galvanostatic cycling studies shows average

dx.doi.org/10.1021/am400579q | ACS Appl. Mater. Interfaces 2013, 5, 4361—-4366
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Voltage vs capacity plots of CuO prepared at (a) 410 °C, (b)
510 °C slow cooling, (c) 510 °C quenched, (d) 750 °C, (e, g)
850 °C, and (f, h) 950 °C, V = 0.005—3.0 V, current rate 60
and 600 mA g~' . This material is available free of charge via the
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