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CuO and its gallium composites with various compositions are successfully fabricated by using
a hydrothermal technique followed by calcination at 900 °C. The added Ga precursors formed oxides in
the composites, such as Ga,Os, CuGa,O4 and CusOs, as confirmed through the X-ray diffraction
patterns as well as the HRTEM and SAED patterns. Further HRTEM analysis also confirmed that Cu4Os
and CuGa,0O4 phases reside on the surface of CuO in the composites with a CuO : Ga ratio of 90 : 10.
The contents of various oxide phases varied when we increased the amount of Ga in the CuO
composites. Changing the ratios of CuO and Ga precursors in the composites is quite effective in
tailoring the sodium-ion storage behaviour of CuO. The resultant CuO/Ga composites exhibit
remarkable electrochemical performance for sodium-ion batteries in terms of capacity, rate capability
and cycling performance. The composite containing 90% CuO and 10% Cu/Ga oxides delivers the
highest charge capacity of 661 mA h g—* at a current density of 0.07 A g~* with a capacity retention of
73.1% even after 500 cycles. The structure and morphology of the composite (90% CuO and 10% Cu/Ga
oxides) was successfully retained after 500 cycles, which was confirmed through ex situ XRD, SEM and
HRTEM analyses. The composite also exhibited remarkable rate capability in which it delivered
96 mA h g~* even at a high current density of 6.6 A g~*. The enhanced electrochemical performances of

CuO and its gallium composites are attributed to the presence of CusOs and CuGa,O4 phases. The
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1. Introduction

To avoid sporadic power generation, it is highly necessary to
develop an efficient system with a controllable and constant
electrical energy supply in order to meet the demands of the
spectrum of energy needs which vary depending on the scale of
consumption (from large to house-hold)."* The electrical grid,
owing to its inefficient storage, requires replacement with
effective electrical energy storage technology.® Electrical energy
storage (EES) establishes a balance between peak generation
and peak demand. A timely response to demand can be
successfully achieved by electro-chemical energy storage
systems (ECESSs), which makes them commercially eminent
sources for EES. ECESSs based on batteries have been proposed
to be a potential alternative EES technology to the grid and its
associated energy storage due to their standout features like
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cost benefits and sustainable energy supply with eminent
cycling efficiency and cycle life.*** Moreover, batteries can
feasibly be used in a variety of high-end applications combined
with different working conditions, ranging from large to local
energy storage and supply, on account of their compactness in
size."”

According to the increasing needs of today’s market, there
have been many types of batteries that work based on ionic
electrochemistry. A few of these types attracted commercial
attention due to their salient features meant to meet current
market demands. Among them, rechargeable lithium ion
batteries (LIBs) have acquired commerciality owing to their
high values of theoretical capacity.>*® Though LIBs are famous
in EES, they have their own challenges due to lithium being
a rare and irregularly abundant element on earth.>'® In this
context, sodium ion batteries (NIBs) came into the picture with
huge and worldwide abundance and higher electrochemical
potential (0.3 V greater than Li, i.e., —2.71 V) than LIBs, which
made them relatively cost-effective, and they have the same
working features as LIBs.»""**> Apart from their advantages, the
applicability of NIBs for EES faces a challenge due to the limited
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theoretical capacities of various materials due to the greater
ionic size of Na' over Li".*»**'518 The major types of materials
used as anode materials for NIB applications so far are: carbo-
naceous materials, metal oxides, metal sulphides, organic and
alloy materials, transition metal selenides and transition metal
oxides.'*?** Metal oxides are potential candidates for this appli-
cation due to their good redox potentials, sound energy densi-
ties and effective safety features.” The limited conductivity,
slow rate of Na* kinetics in metal oxide structures and volu-
metric variations and collapsibility of the structures of metal
oxide materials result in low coulombic efficiency, below par
rate performance and impairment of cyclability, respectively,
limiting their potential as anode materials in NIBs." These
challenges imposed by metal oxide anode materials need to be
dealt with to improve the hindered potential of these materials.
The major concerns related to metal oxide based anode mate-
rials for NIBs include improvement of capacity, rate capability
and cyclic stability, which highly depend on structural and
chemical evolution of these materials upon electrochemical
redox reactions that take place during sodiation/desodiation
processes.

Among transition metal oxides, copper oxide (CuO) gained
particular attention with a high theoretical capacity of
674 mA h g~'.»*1"% Enhanced attention was paid to CuO as an
anode material due to its global abundance, cost-effectiveness,
high chemical stability and almost non-toxic nature. Much
research was carried out on CuO based anode materials for
LIBs.”>** Inauspiciously, as mentioned earlier, there are also
concerns about the cyclability of CuO due to significant volume
variations and structure collapse during electrochemical
conversion reactions.'»?**> The issue of low conductivity is one
more concern to be dealt with for NIBs. Several investigations
have been dedicated to overcoming these problems. The prep-
aration of composites with conductive and tough architectures
is one way to overcome concerns related to low conductivity and
structure collapse.>®*” Synthesis of porous materials to facilitate
volume changes in the active anode material, forming 1D
nanostructures to limit or reduce the ionic diffusion path
lengths, and preparation of composites with carbonaceous
materials to improve the electronic/ionic conductivity are some
of the strategies developed to enhance the performance of CuO
as an anode material. Wang et al. reported porous CuO nano-
wires as an anode material for rechargeable NIBs.?® Liu et al.
used nanorod arrays grown on Cu substrate as an anode
material for NIBs.”® Yuan et al. reported the performance of
nanosheets as an anode material for NIBs.>* Composites of CuO
with carbonaceous materials exhibit improved revers-
ibility.>**”** CuO quantum dots encapsulated in carbon nano-
fibers showed high reversible capacity and were successfully
reported by Wang et al. as a binder free anode material for
NIBs.** Li et al. reported that CuO/rGO composites achieved
470 mA h g ' at a current density of 100 mA g ' and
350 mA h g~ " at 2000 mA g~ '.>” Sanghun et al. proposed a novel
single step synthesis method for copper oxide/graphite
composite materials that were used as anode materials for
rechargeable batteries, in which the interlayer distance of
graphite was elevated to a higher value, resulting in high
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capacity and long-term cycling stability.®® Another major
problem associated with metal oxide anode materials is volume
expansion and structure collapse, which eventually worsens the
cycling stability and capacity. Huggins and Besenhard experi-
mented on the usage of alloyed metal oxides for the first time
and succeeded in making them better anode materials for
energy storage devices.**® Introduction of an electrochemically
inactive matrix into the anode material improves the cycling
stability as the inactive matrix supports the active material by
buffering volumetric changes during electrochemical reversible
reactions.”” The presence of an inactive matrix enormously
reduces the obtainable capacity of the material. Thus, there is
huge demand to study and understand the conversion reactions
that take place in the presence of an inactive matrix in order to
estimate the optimized amount for having a benign effect on
the performance of the cell. In this work we investigate the
anodic performance of CuO loaded with Ga in different weight
percentages for NIBs. Further, we analyzed the influence of
Cu, 03, CuGa,0, and Ga,0; phases on the electrochemical
performance of CuO for NIBs.

2. Experimental section
2.1 Synthesis of pristine CuO and its gallium composites

A copper precursor solution was prepared by adding 2.815558 g
of copper sulphate pentahydrate (CuSO,-5 H,O) (purchased
from Alfa Aesar, 99.9% pure) to 120 mL of double distilled water
under magnetic stirring. Once a homogeneous solution was
obtained, 0.225 M concentrated NaOH solution was mixed into
the copper sulphate solution at room temperature. After
obtaining a homogeneous solution upon magnetic stirring, the
final pH of the solution was found to be 5, and the solution
mixture was transferred into a 200 mL autoclave which was then
heat treated at 100 °C for 5 h in a muffle furnace. After cooling
the solution down naturally to room temperature, the ensuing
blue coloured precipitate was filtered and washed with double
distilled water and ethanol several times. The obtained
precipitate was then dispersed in double distilled water and
dried in a hot air oven at 75 °C overnight. The obtained powder
sample was then calcined at 900 °C for 5 h to get black coloured
copper oxide (CuO) powders whose chemical phase was
confirmed through XRD analysis. To prepare the gallium copper
oxide composites, gallium nitrate hydrate (Ga(NO;);-xH,0)
(purchased from Alfa Aesar, 99.9% pure) was added at 5, 10, 15
and 20 wt%, whereas CuSO,-5H,0 was added at 95, 90, 85 and
80 wt%. Both the gallium and copper precursors were added in
the appropriate weight percentages to double distilled water,
and 0.225 M NaOH solution was added to this homogeneous
precursor solution in all cases. The same synthesis procedure
was followed for all weight ratios as described for pristine CuO
synthesis. Post-calcination, the powder samples with Ga loaded
at 0, 5, 10, 15 and 20 wt% were named as CGO-0, CGO-5, CGO-
10, CGO-15 and CGO-20, respectively, and these codes are used
to refer to them throughout this paper. Scheme 1 shows
a schematic illustration containing the synthesis and cell
design.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Schematic illustration of synthesis and cell design.

2.2 Physical characterization

All the synthesized materials were structurally characterized
using a Rigaku Ultima-IIT X-ray diffractometer with Cu-K,, radia-
tion (A = 1.5406 A). Morphological and elemental analyses were
carried out using a Carl Zeiss-Sigma Scanning Electron Micro-
scope with EDAX provision. HRTEM (high resolution trans-
mission electron microscope) images and SAED (selected area
electron diffraction) patterns of CGO-10, before and after cycling,
were obtained using a Jeol/JEM 2100 HRTEM. The composition
and the oxidation states of different elements in CGO-10 were
analyzed by X-ray photoelectron spectroscopy (XPS) with a scan
range of 1200 eV. Surface area and pore size analyses of CGO-10
were carried out using N, adsorption-desorption curves ob-
tained by using the Brunauer-Emmett-Teller method, and the
data were obtained on a Micrometrics ASAP 2010 Physisorption &
Porosimetry system. Pore size distributions were obtained by
employing BJH analysis on the desorption branch.

2.3 Electrochemical characterization

The working electrode was prepared by using the traditional
slurry coating method in which 80% synthesized active material
was mixed with 10% super-P carbon and 10% PVDF binder.
Here, super-P carbon acts as a conductive additive. N-methyl-
pyrrolidone was used as a solvent to prepare the slurry homo-
geneously. The as-obtained homogeneous slurry was coated
onto copper foil using an electrode coater and dried under
ambient conditions. Circular discs of 18 mm diameter were
punched out and dried under vacuum at 120 °C for 12 hours.
2032 type coin cells were finally assembled in an argon filled
glove box in which the as-obtained disk was used as the working
electrode and a sodium ingot was used as the reference elec-
trode. The electrolyte was sodium perchlorate (NaClO,) in 1:1
ethylene carbonate/diethyl carbonate (EC/DEC) (1: 1 v/v), and
Celgard 2400 was used as a separator. The galvanostatic charge/
discharge studies were carried out on a programmable battery
tester (NEWARE battery analyzer) at various current densities
within the potential window between 0.01 and 3 V. The cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) studies were carried out on an electrochemical

This journal is © The Royal Society of Chemistry 2020
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workstation (SP-150, Biologic SAS, France). The CV studies were
carried out between the potential limits of 0.01 and 3 V at a scan
rate of 0.1 mV s~ . The EIS studies were carried out with an AC
voltage signal of 5 mV and a frequency range between 100 kHz
and 5 mHz.

3. Results and discussion
3.1 XRD analysis

Samples of pure copper oxide and composites of copper and
gallium oxides containing 5, 10, 15 and 20 wt% of gallium
precursor (i.e., Ga(NO;);-xH,0), calculated with respect to
copper precursor (ie., CuSO,-5H,0) weight, were structurally
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Fig.1 (i) XRD patterns of (a) CGO-0, (b) CGO-5, (c) CGO-10, (d) CGO-
15, and (e) CGO-20; (ii) reference XRD patterns of CuO, CuGa,Oy,
CU403 and 63203.
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analysed by XRD. The obtained patterns of CGO-0, CGO-5, CGO-
10, CGO-15 and CGO-20 are shown in Fig. 1. The phases of the
synthesized samples matched well with the standards in the
ICSD database. Through phase confirmation, it has been
ascertained that there are four oxide phases of Cu and Ga found
in the synthesized composites. They are CuO (copper oxide),
copper gallium oxide (CuGa,0,), paramelaconite (Cu,03) and
gallium oxide (B-Ga,O3), which matched well with the ICSD
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standard patterns with reference numbers 01-080-1268, 00-044-
0183, 01-083-1665 and 01-087-1901, and have monoclinic (space
group: C2/c), cubic (space group: Fd3m), tetragonal (space
group: I4,/amd) and monoclinic (space group: C2/m) structures,
respectively. CGO-0 showed diffraction peaks corresponding to
CuO alone, whereas when the gallium precursor was introduced
at 5 wt%, CGO-5 showed peaks for CuO and CuGa,0,. In
addition to these two phases, CGO-10, CGO-15 and CGO-20 also

Table 1 Crystal systems, lattice parameters, crystallite sizes and micro strains of various phases corresponding to all samples

Crystallite
size Micro strain
Sample code Phase Crystal system Lattice parameters (nm) (x107%)
CGO-0 CuO Monoclinic a (A) 4.7508 £ 0.0251 15.69 —2.14
b (A) 3.4328 + 0.0284
¢ (A) 5.1985 + 0.208
Beta (°) 97.2681 =+ 0.576
Unit cell volume V (A)? 84.254
CGO-5 CuO Monoclinic a(A) 4.7357 £+ 0.2511 16.89 —1.84
b (A) 3.4181 =+ 0.0379
c(A) 5.1741 + 0.2039
Beta (°) 98.08 + 0.0578
Unit cell volume V (A)? 82.922
CuGa,0, Cubic a (A) 8.3269 £ 0.0200 7.04 —4.67
Unit cell volume V (A)? 577.369
CGO-10 CuO Monoclinic a (A) 4.6905 £ 0.0053 81.62 0.11
b (A) 3.4262 + 0.0034
c (&) 5.1398 + 0.0204
Beta (°) 99.59 4 0.18
Unit cell volume V (A)? 81.446
CuGa,0, Cubic a(A) 8.3066 + 0.0060 50.41 —0.15
Unit cell volume V (A)? 573.143
Cu,0; Tetragonal a(A) 5.8308 + 0.0027 2.60 —15.63
c(A) 9.9541 + 0.0063
Unit cell volume V (A)? 338.426
cla 1.7072 £+ 0.0011
CGO-15 CuO Monoclinic a(A) 4.6697 £ 0.0219 42.32 —0.12
b (A) 3.4166 =+ 0.0043
¢ (A) 5.1344 + 0.0107
Beta (°) 99.56 + 0.38
Unit cell volume V (A)? 80.777
CuGa,0, Cubic a (A) 8.2680 = 0.055 13.43 —2.56
Unit cell volume V (A)? 565.208
Cu,0O3 Tetragonal a (A) 5.8195 + 0.002 18.04 -1.57
c(A) 9.9524 + 0.0052
Unit cell volume V (A)? 336.25
cla 1.7106 £ 0.0021
CGO-20 CuO Monoclinic a (A) 4.6919 £ 0.0102 40.93 —0.40
b (A) 3.4088 + 0.0097
c(A) 5.0601 + 0.0384
Beta (°) 99.61 + 0.20
Unit cell volume V (A)? 79.96
CuGa,0, Cubic a(A) 8.2145 + 0.0015 5.50 —7.23
Unit cell volume V (A)? 559.16
Cu,0; Tetragonal a(A) 5.8038 + 0.0022 11.77 —2.81
¢ (A) 9.9497 + 0.0058
Unit cell volume V (A)? 335.144
cla 1.7143 £+ 0.0010
Ga,0; Monoclinic a(A) 5.8002 + 0.0015 58.85 0.11
b (A) 3.26814 + 0.0016
c (&) 12.2508 = 0.0010
Beta (°) 103.98 + 0.18
Unit cell volume V (A)? 231.25
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showed peaks for the Cu,0; phase, and CGO-20 exhibited peaks
corresponding to Ga,O; in addition to the prior mentioned
oxide phases. The XRD patterns of all samples showed no traces
of additional phases to the prior mentioned ones. The content
of each phase was calculated as a percentage in terms of the
ratio of the integral intensity of each phase over the sum of the
integral intensities of all phases present in the sample, as re-
ported in Table 1. The percentage of CuO phase was found to be
100%, 83.90%, 73.08%, 49.18% and 38.58% in CGO-0, CGO-5,
CGO-10, CGO-15 and CGO-20, respectively. CGO-5 contained
16.10% CuGa,0,, whereas the CuGa,0, content was found to be
22.90%, 27.25% and 6.59% in CGO-10, CGO-15 and CGO-20,
respectively. The Cu,O; content was estimated to be 4.02%,
23.57% and 39.25% in CGO-10, CGO-15 and CGO-20, respec-
tively. The Ga,O; phase has been found only in CGO-20, and its
content has been found to be 15.59%. The presence of CuO
decreased gradually with increasing Ga content from CGO-0 to
CGO-20. Ga precipitated in the form of CuGa,O, in CGO-5,
CGO-10, CGO-15 and CGO-20, whereas in CGO-20, there is
formation of Ga,0O; in addition to the CuGa,0, phase, which
shows that the abundance of Ga content in CGO-20 perturbed
the equilibrium of CuGa,0O, phase formation which led to
a favourable phase equilibrium for Ga,O; and so lower proba-
bility for the formation of CuGa,0,. With an increase in Ga
loading from 5 wt% to 10 wt%, Cu,0O; formation became more
prominent. Cu,Oj; started appearing in CGO-10 and the amount
increased with Ga loading until CGO-20. As B-Ga,Oj; is known to
be a relatively electrochemically inactive phase,*® CGO-20 is
speculated to show poor electrochemical anodic performance
among all the samples owing to its relatively greater content of
Ga,0;. It has been proved that both CuO and Cu,O; are
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electrochemically active materials, and thus the presence of
both of these phases may enhance the storage capability of the
prepared composites. Thus, the presence of the novel phase
CuGa,0, plays a vital role in controlling the anodic activity of
the material. It is expected that the CuGa,0, phase is respon-
sible for enhancing the anode material stability by means of
buffering the structural collapse of the material that happens
during electrochemical cycling. Based on this assumption, it is
expected that the sodium-ion storage capability of CGO-5, CGO-
10 and CGO-15 may be better than that of CGO-0 and CGO-20,
owing to the CuGa,0, content in them. Further, Cu,0O; was
investigated as an anode material for LIBs and was shown to
exhibit superior rate performance and lower polarization owing
to its lower impedance than CuO.* Thus, the collective and
optimized proportional presence of the CuO, CuGa,0, and
Cu,0; phases in the composites is expected to affect the elec-
trochemical performance of the composites. The contribution
of instrumental error to the broadening of the peaks is cor-
rected by following eqn (1), where the full width at half
maximum (FWHM) of the XRD peak profile of a Si standard is
used for calibration purposes. In eqn (1),***" Lopservea denotes
the FWHM of the obtained XRD pattern, Linstrument 1S the FWHM
of the standard reference peak profile, and Ly, is the FWHM of
the peak corresponding to the (hkl) crystalline plane after
instrumental correction. The crystallite size and micro strain of
each phase in each sample are found by following the Wil-
liamson-Hall (W-H) method (Fig. 2) in which line broadening
in XRD is assumed to be the result of a cumulative effect of
finite crystallite size and micro strain. Thus, in this analysis
these two effects on peak broadening are de-convoluted and the
final equation is given in eqn (2), where Ly represents the
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Fig.2 Williamson—Hall plots of (a) the CuO phase presentin CGO-0, CGO-5, CGO-10, CGO-15 and CGO-20; (b) the CuGa,O4 phase present in
CGO-5, CGO-10, CGO-15 and CGO-20; (c) the Cuys0s3 phase present in CGO-10, CGO-15 and CGO-20; (d) the Ga,Os phase present in CGO-

20.
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FWHM of the (hkl) plane, 6,4 is the Bragg diffraction angle
corresponding to the (hkl) peak orientation, k denotes the shape
factor, A is the wavelength of the X-rays, ¢ is the strain and D
denotes the crystallite size.*>**"** The W-H analytical method is
considered to be an improved technique relative to Scherrer’s
method of analysis, as the strain contribution to peak broad-
ening is neglected in Scherrer’s equation.**** The correspond-
ing equation for the Scherrer method is given in eqn (3). In eqn
(3), all variables have their usual meaning as described earlier.
The crystallite sizes and micro strain values of the various
chemical phases that are present in all samples under investi-
gation are tabulated and shown in Table 1. Negative values of
micro strain represent compressive strain whereas positive
values indicate tensile strain.

Ly = {(Lobservedz - Linstrumentz)} 1 (1)
kA .
Ly cos O = 3 + 4e sin 0 (2)
kA
) J L — 3
Ly cos O G)

The lattice parameters of the unit cells corresponding to
different phases were obtained by refining and fitting the XRD
peaks of the corresponding phases, and the obtained values are
shown in Table 1. It can be found from Table 1 that the CuO
phase in CGO-0 showed a crystallite size of 15.69 nm, which is
its lowest size among all the other samples and is accompanied
by a compressive micro strain of 2.14 x 10*. The CuO phase
showed crystallite sizes of 16.89, 81.62, 42.32 and 40.93 nm in
CGO-5, CGO-10, CGO-15 and CGO-20, respectively. The crys-
tallite sizes of CuGa,O, in CGO-5, CGO-10, CGO-15 and CGO-20
are found to be 7.04, 50.41, 13.43 and 5.50 nm, respectively. The
crystallite sizes of Cu,O; are found to be 2.60, 18.04 and
11.77 nm in CGO-10, CGO-15 and CGO-20, respectively. Ga,03,
which existed only in CGO-20, was found to exhibit a crystallite
size of 58.85 nm.

Naing et al.** and Liao et al.*® showed that grain size enor-
mously affects the electrochemical behavior of metal alloys. It
has been proved that the coarser the crystallite, the better the
rate performance, owing to larger grain boundary areas that
allow diffusion of electrolyte ions through them, and finer
crystallites in anode materials increase the cycle life, as they
resist flow of electrolyte ions due to their narrower grain
boundaries.”” As mentioned earlier, CuO and Cu,O; are elec-
trochemically active materials, whereas the presence of Ga
either in the form of a ternary oxide, CuGa,O,, or as a binary
oxide, Ga,03, worsens the electrochemical performance due to
the redox inactive behavior of Ga. However, the presence of Ga
with Cu, i.e. CuGa,Oy, in the anode material may increase the
cycle life by providing a buffering effect against structural
collapse or volume expansions that take place in the active
matrix during charge/discharge cycles. Moreover, Cu,O; has
been proved to exhibit superior rate performance and capacity
retention over CuO and Cu,0.* Thus, considering the above
factors and the crystallite sizes obtained from XRD, it can be
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assumed that the large crystallite size of CuO in CGO-10 can
lead to an improvement in rate performance, but may reduce
the cycle life due to the formation of a greater quantity of
residual phases. But, the presence of an inactive phase, ie.
CuGa,0,, with relatively larger crystallite size, and the presence
of Cu,O; with relatively finer crystallite size may increase the
cycle life of the CGO-10 anode material among all the samples.
Although CGO-10 is expected to show superior rate performance
and cycle stability, CGO-5, CGO-10 and CGO-15 are also ex-
pected to show enhanced anodic performance compared to
CGO-0. CGO-20, owing to the presence of inactive Ga,03, may
exhibit relatively lower electrochemical performance.

3.2 Morphological studies

Morphological observations are carried out through SEM
micrographs as shown in Fig. 3. It has been observed that CGO-
0 showed a beach stone-like morphology with irregular particle
shapes. It is clear from Fig. 3 that introduction of gallium into
the system promoted the precipitation of Ga phases on top of
the CuO particles observed in Fig. 3a. This accumulation of
secondary phases is clearly visible in the figure as tiny particles
covering the CuO particles, and the coverage of the beach stone-
like particles by powder-like particles increased from CGO-5 to
CGO-20. In CGO-15 and CGO-20, the Ga phases became domi-
nant and covered almost all of the CuO particles, and the CuO
particles became almost invisible under microscopic scanning.
The aspect ratios of the CuO particles in all samples are calcu-
lated as the ratio between the length of the longest dimension
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Fig. 3 SEM micrographs of (a) CGO-0; (b) CGO-5; (c) CGO-10; (d)
CGO-15; and (e) CGO-20.
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Table 2 Aspect ratios of CuO particles in all samples

Sample no. Sample code Aspect ratio
1 CGO-0 1.33
2 CGO-5 1.41
3 CGO-10 1.19
4 CGO-15 1.40
5 CGO-20 1.63

(along the length) of the particle to the diameter along the
shortest dimension (along the breadth), as the particles are
irregular in shape. The calculated average aspect ratios for all
samples are given in Table 2. The aspect ratios of the particles
varied irregularly from sample-to-sample and can be correlated
with the formation of different binary and ternary oxides of Cu
and Ga (CuGa,0,, Cu,03) and the strain associated with their
formation. It is evident that particles with lower dimensions can
show relatively enhanced electrochemical performance, and
thus it can be presumed that CGO-10, owing to its lower aspect
ratio, may exhibit better rate performance.

Fig. 4 shows elemental analyses of the samples carried out
through EDAX incorporated in the SEM. The atomic% and
weight% of Cu, Ga and O are in accordance with the propor-
tions of Cu and Ga precursors added. The Ga content increased
with increasing Ga precursor wt%. Ga wt% in CGO-0, CGO-5,
CGO-10, CGO-15 and CGO-20 are found to be 0 wt%, 7.2 wt%,
15.2 wt%, 22.7 wt% and 31.9 wt%, respectively. It can be said
from these results that Ga incorporation into the base material
was successfully carried out, and the deviation of these values
from the added wt% of Ga is owing to the fact that the
added wt% is based on the amounts of precursor salts used, not
on the actual Ga content.

TEM micrographs of CGO-10 are shown in Fig. 5. These
micrographs are consistent with those from SEM analysis.
Fig. 5a clearly depicts small particles of Cu,O; and CuGa,O,4 on
top of bigger particles of CuO. Fig. 5b is a magnified portion of
the smaller particle aggregates, and their particle sizes varied in
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Fig. 4 EDAX plots with quantitative elemental analysis of (a) CGO-0,
(b) CGO-5, (c) CGO-10, (d) CGO-15 and (e) CGO-20.
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50 nm

Fig. 5 TEM micrographs of CGO-10 at different magnifications: (a)
200 nm; (b) 50 nm; (c) HRTEM image and (d) SAED pattern of CGO-10.

the range of 30-85 nm. An HRTEM image and the SAED pattern
of CGO-10 are shown in Fig. 5c¢ and d, respectively. Lattice
fringes are clearly observed in CGO-10, in which the (220)
diffraction planes corresponding to Cu,O; and CuGa,O, have d-
spacings of 0.206 and 0.293 nm, respectively. Well defined
bright spots formed into rings are observed in the SAED pattern,
which shows that these samples are polycrystalline and the
grains are monocrystalline. In the SAED pattern of CGO-10, the
spots designated as a, b and c correspond to the CuO, CuGa,0,
and Cu,0; phases and were assigned to the (112), (220) and
(200) planes with d-spacings of 0.196, 0.293 and 0.290 nm,
respectively. All the d-spacing values found from the SAED
pattern of CGO-10 are in good agreement with those found from
the corresponding XRD pattern.

3.3 BET analysis

The surface area of CGO-10 was obtained from BET N,
adsorption-desorption studies. The N, adsorption-desorption
profiles of CGO-10 are shown in Fig. 6a, and the corresponding

{=s—adsorption-desorption isotherm of CG0-10], (@) (b) ==~ Pore size distribution of CGO-10
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Fig. 6 (a) N, adsorption—desorption isotherm; (b) BJH pore size
distribution of CGO-10.
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pore size distribution is shown in Fig. 6b. As shown in Fig. 6a,
CGO-10 showed a type-III isotherm for both the adsorption and
desorption processes with an H3 type hysteresis loop according
to the IUPAC classification.***” H3 type hysteresis is a charac-
teristic of meso sized pores, and the narrow loop appeared with
a lower limit of p/p, = 0.16 up to p/p, = 0.94, exhibiting the
dominance of mesoporosity in the sample. Also, a short and
narrow loop appeared at high relative pressures between p/p, =
0.94 and p/po = 0.99, which corresponds to a small amount of
nearly macro sized pores. Fig. 6b shows the pore volume
distribution as a function of pore width. The surface area of
CGO-10 has been obtained from the N, adsorption-desorption
profile by following the BET (Brunauer-Emmett-Teller)
method, and the value was found to be 11.5171 m* g~ '. The
average pore diameter was obtained by employing the BJH
(Barrett-Joyner-Halenda) analytical method on the desorption
branch, and the pore diameter was found to be 5.2015 nm. The
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formation of pores on the particle surface may be due to the
liberation of water and hydroxyl ions during calcination.*®*

3.4 XPS analysis

Investigations of the chemical bonding states of different
elements in the CGO-10 sample are carried out through X-ray
photoelectron spectroscopy (XPS). The XPS survey spectrum
showed the presence of Cu, Ga and O in the sample (Fig. 7a).
The XPS peaks of the elements mentioned above were de-
convoluted using the Gaussian fitting function. The Cu-2p
(Fig. 7b) scan exhibited four peaks among which two are satel-
lite peaks and designated as S-1 and S-2 centred at 943.6 eV and
963.7 eV, respectively.* The Cu-2p scan also showed two strong
photoelectron emissions de-convoluted at 935.4 eV and
955.3 eV, corresponding to the Cu-2p;/, and Cu-2p,, electronic
levels, respectively.’*> These are the characteristic peaks of
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Fig. 7 XPS analysis of CGO-10: (a) survey spectrum, (b) Cu-2p, (c) Ga-2p, (d) Ga-3d and (e) O-1s.
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Cu(u), and the Cu** oxidized charge state in CuGa,O, exhibited
a spin-orbit splitting energy separation of 19.9 eV which
matched the previously reported values well.>*~** The Ga-2p scan
showed two peaks centred at 1118.18 eV and 1145.08 eV corre-
sponding to Ga-2p;;, and Ga-2p,,,, respectively, as shown in
Fig. 7¢°*, with an energy separation of 26.9 eV which matched
the previously reported value well.>»**** The Ga-3d scan shown
in Fig. 7d exhibits a peak at around 20.08 eV corresponding to
Ga-3ds/,.°**® The O-1s XPS scan is shown in Fig. 7e and has two
de-convoluted peaks, one centered at 530.2 eV that corresponds
to metal-oxygen bonding,”>* and the other one at 531.6 eV,
corresponding to surface absorbed 0,.*° The slight shift of the
O-1s peak towards higher binding energy than the reported
values may be due to an interaction between the binary and
ternary oxide phases present in the sample.® The observation of
all the above described peaks in the sample gives evidence for
the presence of CuO and CuGa,0O, in CGO-10.

3.5 Charge/discharge studies

In order to investigate the sodium storage behaviour of the CGO
composites we examined the galvanostatic charge/discharge
behaviour at 0.07 A g~ between the potential limits 0.01 and
3 V. Fig. 8a presents the first charge/discharge curves of the CGO
composites in which the composites delivered charge capacities
of 624, 640, 661, 647 and 618 mA h g~ ' for CGO-0, CGO-5, CGO-
10, CGO-15 and CGO-20, respectively. The charge/discharge
profiles of the composites vary from that of pristine CuO
which indicates that Cu,O; also participated in the electro-
chemical reaction of CuO for sodium-ion storage. It is inter-
esting to note that though the charge/discharge profiles of CGO-
10 and CGO-15 are identical, likewise the profiles of CGO-5 and
CGO-20, all deviate from that of pristine CuO. The deviation is
due to the formation of Cu,0;, CuGa,0, and Ga,0O; phases in
the composites. However, the content of the phases varied when
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Fig.8 (a) Charge/discharge behaviour of CuO/Ga,O3 at 0.07 Ag™. (b)
Cycling performance of CuO/Ga,Os at 0.07 A g1 over 500 cycles. (c)
Ex situ XRD patterns of CGO-10. (d) TEM image of CGO-10 after
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the amount of Ga in the composites was increased from 5 to
20 wt%. Pristine CuO exhibited broad plateaus at around 0.82-
0.5 V and 1.7-2.1 V in the discharge and charge curves,
respectively. The broad plateau in the discharge curve repre-
sents the multiple reduction processes involved in solid-elec-
trolyte interphase (SEI) formation on the electrode surface:
intermediate Cu}' ,CulO,_,,, phase formation, generation of
the Cu,O phase and the decomposition of Cu,O to Cu and
Na,O. Similarly, the broad plateau in the charge profile indi-
cates the reverse reaction of the discharge process. The
composites exhibit three plateaus, viz. 0.3-0.14, 0.8-0.4 and 1.4-
0.9 V in the discharge curve and three plateaus, viz. 0.4-0.78,
0.9-1.6 and 1.7-2.7 V in the charge curve. The three reduction
plateaus of the composites are due to the intermediate phase
formation of Cu}" ,CutO, _,,, and SEI film formation, reduction
of CuO to Cu,O and further conversion of Cu,O to Cu. The
oxidation peaks correspond to the decomposition of the SEI
film, the oxidation process of Cu to Cu,O and further oxidation
of Cu,0 to CuO. The three plateaus in the charge and discharge
profiles are obtained at slightly different potentials for all the
composites, which can be attributed to the variation in content
of the Cu,03, CuGa,0, and Ga,0; phases in different compos-
ites. The contents of the electrochemically active Cu,0; and
CuGa,0, phases are higher in CGO-10 and CGO-15 but they are
lower in CGO-5 and CGO-20. In CGO-5 and CGO-20, the elec-
trochemically inactive p-Ga,O; phase dominates the electro-
chemical process during cycling. The high capacities of CGO-10
and CGO-15 may be ascribed to the fact that the electrochemi-
cally active Cu,O; phase®>® together with the CuGa,0, phase
enhances the capacity of the CuO phase. The Cu,0; phase is
also present in the case of CGO-5 and CGO-20, however, the
content of CuGa,0, is very low and there is more Ga,0; in CGO-
20 (B-Ga,0s3 is known to be redox inactive®®). Here, the CuGa,0,
phase may act as a matrix to enhance the capacity of CuO during
electrochemical reactions.

Fig. 8b depicts the cycling performance of the CGO
composites at a current density of 0.07 A g~ over 500 cycles.
The first cycle charge capacities are 624, 640, 661, 647 and
618 mA h g~! for CGO-0, CGO-5, CGO-10, CGO-15 and CGO-20,
respectively, whereas at the 500th cycle the obtained charge
capacities are 183, 319, 481, 415 and 183 mA h g, respectively.
The corresponding capacity retentions are 29.3, 49.8, 73.1, 64.1
and 29.6%, respectively. The obtained cycling performance
clearly indicates that the cycling stability of CuO is greatly
enhanced by the electrochemically active Cu,O; phase together
with the CuGa,0, matrix. The inferior performance of CGO-0,
CGO-5 and CGO-20 is attributed to large volume expansion®
during the electrochemical reaction which resulted in loss of
contact between the current collector and the electrode mate-
rial. In order to investigate the stability of the electrode material
after 500 cycles, we carried out ex situ XRD (Fig. 8c), TEM
(Fig. 8d), ex situ SEM (Fig. 9a) and HRTEM (Fig. 9b and c) on the
CGO-10 electrode. Interestingly, the structure and morphology
of CGO-10 are well maintained even after 500 cycles. The ex situ
XRD pattern of CGO-10 after cycling showed the characteristic
peaks of CGO-10 with minor impurity peaks which may be due
to the conductive carbon and binder used for the electrode
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Fig. 9 (a) SEM image, (b) HRTEM image and (c) SAED pattern of CGO-
10 after cycling.

coating. TEM and SEM images of CGO-10 after cycling are
shown in Fig. 8d and 9a, respectively. There is no noticeable
change in particle morphology and size even after prolonged
cycling of the material. An HRTEM image of CGO-10 after
cycling and the corresponding SAED pattern are shown in
Fig. 9b and c, respectively. Lattice fringes are clearly observed in
CGO-10 after cycling, and the (020) plane of CuO with a d-
spacing of 0.171 nm is clearly observed in the HRTEM image of
CGO-10 after cycling (from Fig. 9b). The well defined bright
spots formed into rings in the diffraction pattern are attributed
to the polycrystalline sample and the monocrystalline grains.
The spots labelled a, b and ¢ in the SAED pattern of CGO-10 after
cycling are assigned to the (111), (400) and (220) diffraction
planes corresponding to the CuO, CuGa,0, and Cu,O;3 phases
with d-spacing values of 0.253, 0.207 and 0.206 nm, respectively.
All the d-spacing values found from the SAED pattern of CGO-10
after cycling are in good agreement with those found from the
corresponding XRD pattern. The above obtained results
confirmed that the charge/discharge behaviour and cycling
stability of the CuO material are greatly enhanced by the Cu,0;
phase and the CuGa,O, matrix. The rate capability of the CuO/
Ga,0; composites was investigated between the potential limits
of 0.01 and 3 V at different current densities, as shown in Fig. 10a.
Compared to the other composites, the CGO-10 composite
exhibits better rate capability, with charge capacities of 661, 519,
447, 401, 281, 187 and 96 mA h g~ ' at current densities of 0.07,
0.1,0.3,0.7,1.3,3.3 and 6.6 A g~ ', respectively. It is interesting to
note that the cell exhibited a charge capacity of 647 mA h g *
when the cell is cycled back from high current density to low
current density (0.07 A g~ ). The rate capability results confirmed
that CGO-10 exhibits good rate performance and structural
stability at high current densities. Aside from CGO-10, the other
composites exhibited poor rate performance at high current
densities. The obtained capacities and cycling stability are supe-
rior compared to previous literature.”* In order to further
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Fig. 10 (a) Rate capabilities of CuO/Ga,O3 composites at different
current densities, (b) cyclic voltammograms of CuO/Ga,Os at a scan
rate of 0.1 mV st and (c) Nyquist plots of CuO/Ga,Os with different
compositions.

understand the electrochemical reactions of the CGO composites,
we carried out cyclic voltammetry studies (Fig. 10b) at a scan rate
of 0.1 mV s~ between the potential limits of 0.01 and 3 V. The
cyclic voltammograms are quite consistent with the charge/
discharge behaviour of the CGO composites. The cathodic peak
was observed at 0.57 V and the anodic peak was observed at 1.95V
for the pristine CuO material. The broad cathodic peak corre-
sponds to multiple reduction processes involved in the decom-
position of the electrolyte solvents, i.e. EC and DEC, to form a SEI
film on the electrode surface, the formation of an intermediate
CuO phase, i.e. Cuj_,CutO;_,,, the generation of the Cu,O phase
and the decomposition of Cu,O to Cu and Na,O. During the
charge process, a broad oxidation peak is observed at around
1.82 V, which corresponds to the oxidation process involved in
the formation of the CuO phase from the Cu,O phase. The ob-
tained CV curve of CuO is quite consistent with the previously
reported literature.”® All the composites exhibited three reduction
peaks, viz. 1.23, 0.7 and 0.28 V, during discharge and three
oxidation peaks at 0.78, 1.28 and 1.98 V during charge. Like the
charge/discharge profiles, the CV curves of CGO-10 and CGO-15
are quite similar, while those of CGO-5 and CGO-20 appear to
be similar except for the redox peak intensities. The obtained CV
profiles of the CGO composites are in accordance with the
previously reported literature.”” The highest capacities of the CGO
composites are attributed to the combined redox reactions of
CuO and Cu,O3, as we couldn’t identify the peak signatures
separately since Cu,O; also forms a 2CuO + Cu,O composite
which itself exhibits several redox peaks according to L. Zhao
et al.,** and the mechanism of storing lithium ions is still not
clear. From the CV profiles we clearly confirmed that only the
CuO and Cu,0O; phases are involved in the redox reactions,
however the CuGa,O, phase acts as an inactive matrix to stabilize
the CuO phase during cycling.

In order to gain further insight into the charge/discharge
profiles and CV curves of pristine CuO and CGO composites,
we carried out EIS analysis and obtained Nyquist plots which

This journal is © The Royal Society of Chemistry 2020
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Table 3 EIS parameters of CGO composites

Sample no. Sample R, (Q) Rt (Q) Ca1 (MF)
1 CGO-0 163 490 20
2 CGO-5 47 1323 48
3 CGO-10 101 516 72
4 CGO-15 83 772 61
5 CGO-20 324 1692 21

are shown in Fig. 10c. The EIS parameters are listed in Table 3.
All Nyquist plots show one semicircle in the high frequency
region and a line inclined at 45° in the low frequency region,
which is called the Warburg region. This Warburg region is
a signature of the Na' ion diffusion process occurring in the
electrode material during cycling. Depressed semicircles are
observed in the case of CGO-10 and CGO-15, whereas the other
CGO composites exhibit semicircles with high R . (Table 3). This
indicates that CGO-10 and CGO-15 exhibit lower impedance as
compared to the other CGO composites. From the electro-
chemical studies we clearly confirmed that the enhanced elec-
trochemical performances of the CGO composites are mainly
attributed to the presence of Cu,O; and CuGa,0, phases, in
which the Cu,0; phase is actively involved in the redox reac-
tions and the CuGa,0O, phase stabilizes the CuO phase by
buffering the volume expansion of CuO during cycling.

4. Conclusion

In summary, we have fabricated CGO composites with different
weight percentages of Ga through a simple hydrothermal
method. The HRTEM images and SAED patterns confirmed that
the particle size varies from 30 to 85 nm and also showed that
the Cu,0; and CuGa,0, phases reside on the surface of the CuO
phase. The composites exhibit significantly improved capacity
and capacity retention as compared to the pure CuO phase at
a current density of 0.07 A g~'. The CGO-10 composite (CuO
with 10 wt% Ga) exhibited the highest charge capacity of
481 mA h g~ " with capacity retention of 73.1% at a current
density of 0.07 A g~ " over 500 cycles. The improved capacity and
capacity retention of the composites are mainly attributed to the
Cu,0; phase as well as the CuGa,0O, phase, in which Cu,0;
effectively reduces the charge-transfer resistance and the
CuGa,0, phase buffers the volume expansion of the CuO
particles during cycling. The obtained results demonstrate that
the composites are considered as promising anode materials for
sodium-ion batteries.
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