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Cu foil is widely used in commercial lithium ion batteries as the current collector of anode materials with
excellent conductivity and stability. In this research, commercial Cu foil was chosen as the current
collector and substrate for the synthesis of Cu doped flake-NiO via a traditional hydrothermal method.
The effect of the ratio of Cu and the calcination temperature on the electrochemical performance of
NiO was investigated. The structure and phase composition of the Cu doped flake-NiO electrode were
studied through X-ray diffraction (XRD), scanning electron microscopy (SEM), Energy dispersive X-ray
analysis (EDAX), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and
inductive coupled plasma emission spectrometry (ICP). The electrochemical properties of the Cu doped
flake-NiO electrode were studied through cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and a galvanostatic charge—discharge cycling technique. According to the results, the
Cu-doped NiO electrode, calcined at 400 °C with a molar ratio of Cu: Ni = 1:8, exhibited a high
reversible charge capacity. The good cycling stability and rate performance indicate that the as-prepared

Received 20th July 2019
Accepted 14th October 2019

DOI: 10.1039/c9ra05618a

rsc.li/rsc-advances electrode can be applied as a potential anode for lithium ion batteries.

1 Introduction Transition metal oxides are highlighted for their high theo-
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In the last decade, the global economy is taking on a trend of
accelerating development. To match the urgent need for energy,
a green and renewable energy that can become the next gener-
ation of power instead of fossil fuels is one of the biggest
scientific problems."* Lithium ion batteries (LIBs), a device of
energy transition and storage, have attracted more and more
attention from researchers for their outstanding energy density,
environmental benignity and long cycling life.>”* Since the birth
of commercial LIBs in the early 1990s by the Sony Corporation,
graphite as the most widely used anode material has been in
dispute for a long time. This issue is caused by the poor theo-
retical capacity (372 mA h g~') and low lithiation potential of
graphite (the reason for the formation of Li dendrite) but it has
low price and good conductivity.®® Therefore, we need to
develop the alternative anode materials to match the require-
ments of next-generation LIBs. In the past decades, several
different types of anode materials have been studied, such as
Lithium titanate,® transition metal oxides,** Si/Sn based
alloys,"** etc.
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retical capacities (~1000 mA h g~ '). For examples, FeO, (x = 1,
4/3,3/2),"* CoOy (y = 1, 4/3, 3/2),"* NiO,** CuO" and TiO, (ref. 18)
have been widely studied as promising anode materials for
LIBs. Among them, NiO has attracted much attention because
of its low cost, relatively high theoretical capacity (718 mAh g™ )
and environmental-friendly feature. However, the volume
expansion and particle aggregation during the cycling has
limited its application. Since the first report by Poizot in 2000,"*
many researchers have been absorbed in the study about NiO
anode material. And the main ideas are shorting the diffusion
pathway of reversible intercalation/deintercalation of Li ions
among the active particles, relieving the volume expansion of
active materials and improving the conductivity. Practical
actions based on these main ideas have been carried out effi-
ciently by synthesizing the nano-sized active materials or thin
film, coating high conductive materials on the surface of active
particles and conducting composite materials by introducing
foreign metallic elements.

X. H. Hang's group prepared hollow microspheres of NiO as
anode materials for LIBs in 2010," and the charge capacity was
delivered to 490 mA h g™ after 45 cycles at 100 mA g . L. J.
Zhang's group designed CoO-NiO-C anode materials for LIBs
in 2012, and a reversible capacity around 562 mA h g~ ' was
showed at 0.1 A g~ " after 60 cycles. H. L. Zhao's group synthe-
sized NiO/Ni nanocomposite anode material for LIBs in 2015,
and a reversible capacity of 800 mA h g~ was maintained at
0.1C after 50 cycles. And X. F. Li's group conducted a flower-like
NiO/RGO anode materials for LIBs in 2018,%* and a reversible

This journal is © The Royal Society of Chemistry 2019
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capacity of 702.3 mA h ¢~ was maintained at 0.1 A g™ " after 100
cycles. L. K. Pan's group reported yolk-shell ZnO/NiO micro-
spheres. The reversible charge specific capacity was
1008.6 mA h g " at 0.1 A g~ " after 200 cycles.?® While the study
about Cu-doped NiO as an anode material for LIBs is relatively
young.

In this work, we successfully designed a binder free NiO on
cupper foil with a flake morphology via a facial and highly
reproduced hydrothermal method. The flake structure can
shorten the diffusion path of Li' and buffer the volume
expansion of active material itself. To improve the conductivity,
we tried to load Cu element in to the crystal structure of NiO.
The effect of the content of Cu and the calcined temperature is
further identified to improve the electrochemical performance
of NiO. In this way, we reserved a best modified NiO with
excellent cycling stability and rate performance.

2 Experimental section
2.1 The preparation of Cu doped flake-NiO

Flake-structured NiO has been synthesized by a hydrothermal
method displayed in Scheme 1. Firstly, the Cu foil (Dongguan
xuran Electronic Technology Co., Ltd, Cell Grade) as the current
collector and substrate was cleaned alternatively by deionized
water and acetone under ultrasonic for 5 min and placed into
a 100 ml reaction kettle afterwards. After dispersing 1 mol L™"
NiCl,-6H,0 (Aladdin, analytical reagent), x mol L™" CuCl,-
-2H,0 (Aladdin, analytical reagent), x = 0, 1/18, 1/4, 1/10, 1/8
and 1/6), and 0.2 mol L' NH,F (Aladdin, analytical reagent)
into 0.5 mol L ™" urea (Aladdin, analytical reagent), the mixture
was poured into the reaction kettle merging the Cu foil.
Secondly, the reaction kettle was located into a preheated oven
(120 °C) for 5 h. After cooling to room temperature, the Cu foil
deposited with a green layer was washed serially with deionized
water for several minutes and dried in vacuum oven for 18 h.
Finally, black Cu-doped NiO electrode was conducted by
a calcination process in a tube furnace under argon for 2 h at
different temperatures.

2.2 The fabrication of half cell

The coated Cu foil was cut into small pieces with a diameter of
14.0 mm and worked as the working electrode with a mass
loading around 3.0 mg cm > Li foil (analytical reagent) with
a diameter of 15.0 mm served as both the counter and reference
electrode. 1 M LiPF dissolved in a ternary solvent of isometric
ethyl carbonate (EC), ethyl methyl carbonate (EMC) and
dimethyl carbonate (DMC) was used as the electrolyte and
Cellgard 5300 worked as the separator. The fabrication of all the
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Fig. 1 XRD patterns of different Cu doped NiO on Cu foil.

half cells was kept operating in argon glove box (H,O < 0.1 ppm,
0, < 0.1 ppm).

2.3 The characterization and electrochemical test

The morphology and crystal structure of Cu doped NiO were
characterized with X-ray diffractometer (XRD, D/max-TTR III)
from 10-80° with a scan rate of 5° min~* at room temperature,
scanning electron microscopy (SEM, JSM-6480A), transmission
electron microscopy (TEM, CM-200FEG) and X-ray photoelec-
tron spectroscopy (XPS, ESCALAB 250Xi). The content of Cu in
the as-prepared composite was determined by inductive
coupled plasma emission spectrometer (ICP, Xseries II). The
charge/discharge measurements were carried on a Land
BT2000, between 0.05-3.0 V (vs. Li'/Li) at room temperature
under different current densities. Electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) were carried out
on a Dutch Autolab at room temperature. The frequency was
ranging from 200 kHz to 0.1 Hz, while the voltage was ranging
from 0.05-3.0 V (vs. Li*/Li) with a sweeping speed of 0.1 mV s/,
respectively.

3 Results and discussion

3.1 The effect of the Cu ratio on the electrochemical
performance of NiO

To detect the effect of the Cu ratio on the electrochemical
performance of NiO electrode, six different prescriptions are
exploited (the molar ratio between Cu and Ni is 0, 1/18, 1/14, 1/
10, 1/8 and 1/6).

Cu doped NiO

> i

calcination process

Scheme 1 The preparation of binder free flake Cu doped NiO electrode.

This journal is © The Royal Society of Chemistry 2019

RSC Adv., 2019, 9, 35948-35956 | 35949


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05618a

Open Access Article. Published on 05 November 2019. Downloaded on 7/23/2025 1:34:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

28kU S,000  Sem

View Article Online

Paper

28kuU xS, 808 Spm

Fig. 2 The SEM images of different Cu doped NiO on Cu foil, Cu : Ni = 0 (a), 1/18 (b), 1/14 (c), 1/10 (d), 1/8 (e) and 1/6 (f).

Fig. 1 shows the XRD patterns of the six composites calcined
at 350 °C. In the XRD pattern of raw NiO (black line), four strong
diffraction peaks can be observed. The pattern between 43° and
44° is magnified and another diffraction peak can be clearly
distinguished. After reasonable analysis and comparison, it can
be concluded that the diffraction peaks at 37.2°, 43.2° and 62.9°
correspond to the (111), (200) and (220) lattice planes of NiO
(JCPDS No. 04-0835) and the diffraction peaks at 43.5°, 50.7°
and 74.7° are indexed to the metal Cu foil (metal Cu, JCPDS No.
01-1242). After the addition of 1/18 Cu, the XRD pattern of the
product is quite similar with that of raw NiO and only the
strength of the peak changes slightly. With the continuous
addition of Cu, the XRD patterns of all the products hardly
change except for the strength of the peaks. Meanwhile, there
are no other peaks, illustrating no impurities introduced to the
as-prepared electrodes. It seems that the added Cu neither
destroys the structure of the host (NiO) nor forms other cupper

1200 | = raw NiO
e Cu-NiO-1/18
‘»4 A  Cu-NiO-1/14
1000 1i< v Cu-NiO-1/10
< Cu-NiO-1/8
800 = .> A » Cu-NiO-1/6

XXx 4“‘41‘444

q4444e
oy »,»» 4 4944 14
II
l.. ’}p,»
s

600

Charge capacity / (mAh g")

’}
'q.u »»»»»»»»»»»»»»
400 F "--- 000 e
200
0 n 1 n 1 " 1 " 1 "
0 10 20 30 40 50

Cycle Number

Fig. 3 Cycling stability of different Cu doped NiO on Cu foil.
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oxides, and Cu foil is well protected without any oxidation in the
Ar atmosphere.

The morphology of the six samples was characterized by SEM
shown in Fig. 2. In Fig. 2a, the sample of raw NiO has a uniform
flake structure with a thickness around 100 nm and the flakes
are overlapped with each other. The large space among the
overlapped flakes can contain rich electrolyte and shorten the
transmission path of Li ions between the electrolyte and the
active material. When the Cu is added during the preparation of
NiO, the morphology of the product (Fig. 2b-f) does not change
compared with that of raw NiO (Fig. 2a). Interestingly, the
thickness of the flake has a slight decrease after the modifica-
tion process. It seems that the addition of Cu during the prep-
aration process can thin the thickness of the NiO flake, which
could effectively shorten the diffusion path of the Li" into the
internal of the flakes and the space set by the adjacent flakes

100
R o
R sfct Ws Ci /
[ : — - /
80 - / ./‘
L CPE_., / 2 o A
£ 74
= 60 |- ./ Py
S Vol
= Tea/™ . o
B e «
N0} e i
e A
5 A
—u— 350 °C
—eo— 400 °C
—a—450°C
1 " 1 n
60 80 100

Zre / Ohm
Fig. 4 EIS spectra of different Cu doped NiO on Cu foil.
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Fig. 5 The TEM images of pure NiO (a) and Cu-NiO-1/8 (b); HRTEM
images of pure NiO (c) and Cu—-NiO-1/8 (d).

could alleviate the volume expansion of active material during
the charge/discharge process.

The electrochemical test is an efficient method to value the
performance of the samples as anode materials for LIBs. These
measurements were carried out on the fabricated of the half
cells. Fig. 3 displays the cycling performances of the six samples
tested at 0.1C (1C = 1000 mA g ), and the electrodes are
marked as Cu-NiO-x. The charge capacity of raw NiO electrode
in the first cycle is 815.2 mA h g~ *. In the following cycles It
drops dramatically to 381.4 mA h g~* at the 20" cycle and then
slowly to 252.5 mA h g~ * at the 50 cycle. For the Cu doped NiO
electrode with Cu: Ni = 1: 18, the first charge capacity is as
high as 1096.2 mA h g~ *. It decreases rapidly to 456.1 mAh g *
in the 20™ cycle and keeps relatively steady to 387.4 mAh g~* in
the 50™ cycle. With the increase of the content of Cu, the

(@)
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Fig. 6 XPS spectra of Cu 2p (a) and Ni 2p (b) in Cu-NiO-1/8.
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electrodes of Cu-NiO-1/14 and Cu-NiO-1/10 show better cycling
performance. When the content of Cu increases to Cu: Ni =
1: 8, the electrode reveals the best performance. The charge
capacity in the 50™ cycle can retain 655.3 mA h g~*. However,
when the content of Cu increases further to Cu : Ni = 1 : 6, the
performance has a severe drop with a charge capacity of
462.3 mA h g* in the 50" cycle. To sum up, the reversible
capacity of Cu-NiO-1/8 after 50 cycles is 655.3 mA h g~ ', which
is 402.8,267.9, 105.2, 60.9 and 193.0 mA h g~ * higher than those
of the electrodes of raw NiO, Cu-NiO-1/18, Cu-NiO-1/14, Cu-
NiO-1/10 and Cu-NiO-1/6, respectively. The brilliant cycling
performance of the Cu-NiO-1/8 electrode is due to the special
flake structure and the suitable scale of Cu and Ni, which means
that it is very important and necessary to control the ratio
between Cu and Ni. This result can be legitimately supported by
the date of EIS in Fig. 4, where the resistance of charge transfer
is effectively reduced with the addition of Cu and the minimum
value is obtained with a molar ratio of Cu: Ni =1:8.

To gain an insight into the outstanding performance of the
Cu-NiO-1/8 electrode, ICP, TEM and XPS characterizations have
been carried out. According to the result of the ICP test, the
molar ratio of Cu : Ni in the Cu-NiO-1/8 is close to the original
amount, Z.e. Cu : Ni =1 : 8. Fig. 5 presents the TEM and HRTEM
images of the raw NiO and Cu-NiO-1/8, respectively. In Fig. 5a
and b, the obvious flake structure can be observed for both the
raw NiO and Cu-NiO-1/8, which is consist with the SEM results
in Fig. 2. The thickness of the Cu-NiO-1/8 flake in Fig. 5b is
thinner than that of NiO in Fig. 5a for the light transmittance
exhibited in Fig. 5b is much higher. This is in keeping with the
results observed thorough the SEM. Therefore, it is demon-
strated that the addition of Cu can refine the thickness of NiO
flake. In the HRTEM images, there are two different structurally
uniform lattice fringes of both NiO and Cu-NiO-1/8 corre-
sponding to the (111) and (200) lattice planes (JCPDS No. 04-
0835), respectively.

Fig. 6 reveals the Cu 2p and Ni 2p spectra. In Fig. 6a, the
binding energy values of the two major peaks are 932.3 and
743.8 eV in the Cu 2p spectrum, associated with Cu 2p;/, and Cu
2p1,2, respectively. Meanwhile, a weak satellite peak at 943.8 eV
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Fig. 7 Elemental mapping of Cu—-NiO-1/8.

corresponds to Cu 2pz;,. The result means that Cu cation is
assigned as a value of +2.>**° In Fig. 6b, there are two main
peaks at 854.7 eV and 872.3 eV, which should be attributed to
the Ni 2p3/, and Ni 2p4,. And two satellite peaks at 860.5 eV and
878.9 eV correspond to Ni 2p;,, and Ni 2p,,, respectively. These
results demonstrate that Ni cation can be assigned a value of
+2.24%” Moreover, the elemental mapping (Fig. 7) reveals that the
Cu is uniformly disperse in the sample of Cu-NiO-1/8.

Above all the results (XRD, HRTEM, ICP, XPS and SEM-
mapping), it can be concluded that NiO has been doped with
Cu successfully and Cu”" partly replaced Ni** in NiO. Mostly, the
modified electrode with Cu: Ni = 1 : 8 shows the best perfor-
mance because of its special flake structure and the exactly
suitable molar ratio of Cu®"/Ni*".

3.2 The effect of calcination temperature on the
electrochemical performance of Cu-NiO-1/8

As the calcination temperature has an important effect on the
structure of the product, the precursor of Cu-NiO-1/8 was cal-
cinated at three different temperatures (350 °C, 400 °C and 450
°C). The XRD patterns of Cu-NiO-1/8 calcined at different
temperatures are displayed in Fig. 8. In the XRD patterns, there

Intensity (a.u.)

26/degree

Fig. 8 XRD patterns of the Cu—NiO-1/8 calcined at 350 °C, 400 °C
and 450 °C.

35952 | RSC Adv., 2019, 9, 35948-35956

are only peaks from NiO (26 = 37.2°, 43.2° and 62.9°) and Cu foil
(20 = 43.5°, 50.7° and 74.7°), which can demonstrate the
designated calcination temperature did not change the crystal
structure of the products. Noticeably, the strength of the peaks
from NiO increases with the temperature, indicating that the
degree of crystallinity increases with the calcination
temperature.

The SEM images of Cu-NiO-1/8 calcined at 350 °C, 400 °C
and 450 °C are shown in Fig. 9. These three samples exhibit
similar flake structure. By comparing the SEM images (Fig. 9b,
d and f), the thickness of the flake has a slightly decrease when
the calcination temperature rises from 350 °C to 400 °C.
However, when the calcination temperature rises to 450 °C, the
thickness of the flakes has an obvious increase and the flakes
obviously agglomerated.

The cycling performance of Cu-NiO-1/8 electrodes calcined
at different temperatures under a current density of 100 mA g~
(0.1C) is exhibited in Fig. 10a. At 350 °C, it can be observed that

Fig. 9 SEM images of Cu-NiO-1/8 calcined at 350 °C (a and b),
400 °C (c and d) and 450 °C (e and f).

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Cycling performance of Cu—NiO-1/8 calcined at different temperatures (a); the charge/discharge curves in the 10" cycle (b).

the first charge capacity is around 1108.9 mA h g~'. It drops
rapidly to 906.0 mA h g~ in the 5 cycle and decreases slowly to
709.1 mA h g~ ! in the 25™ cycle. In the following cycles, the
change of the charge capacity is relatively unnoticeable. After 50
cycles, the charge capacity is stable at 655.3 mA h g~ . When the
calcination temperature increased to 400 °C, the trend of the
cycling performance is similar with that calcined at 350 °C. And
the reversible capacity is 1131.9, 913.6, 773.1 and
714.4 mA h g7 in the 1%, 5™ 25™ and 50" cycle, respectively.
While the calcination temperature is up to 450 °C, the trend of
the cycling performance has a huge change. The charge capacity
in the 1% cycle is much higher than the other two, but the value
has a dramatic drop in the first 25 cycles. The charge capacity
decreases to 514.4 mA h g ' in the 25 cycle and keeps stable in
the following cycles. After 50 cycles, the charge capacity is
stabilized at 482.3 mA h g . It is clearly exhibited that the
reversible capacity of Cu-NiO-1/8 electrode calcined at 400 °C
after 50 cycles is 59.1 and 232.1 mA h g~ " higher than those of
Cu-NiO-1/8 electrode calcined at 350 and 450 °C, respectively.
The remarkable performance of the Cu-NiO-1/8 electrode
calcined at 400 °C can be attributed to the thin flake structures
and higher specific surface area supported by the results in
Fig. 9. Praiseworthily, the Cu-NiO-1/8 electrode calcined at
400 °C shows a markedly improved reversible capacity than that
of NiO electrodes reported previously, as shown in Table 1.

In Fig. 10b, the charge/discharge curves of the three samples
in the 10™ cycle are selected because the charge capacity is

relatively stable after the first 10 cycles (Fig. 10a). In the
discharge process of the Cu-NiO-1/8 electrode calcined at
350 °C, the potential decreases rapidly to ~2.0 V and gently to
~1.25 V, followed by along plateau between 1.25 and 0.75 V,
corresponding to the decomposition of NiO into Ni. And an
inclined plateau is observed around 2.25 V in the charge
process, which can be ascribed to the oxidation of Ni into NiO.
The shapes of the three couples of the charge/discharge curves
are similar, except the range of the oxidation/reduction plateau
changes with the calcination temperature.

To have a further study on the mechanism and the electro-
chemical performance of the as-prepared Cu-NiO-1/8 elec-
trodes, CV and EIS measurements were carried out with results
shown in Fig. 11. The mechanism of NiO as anode materials for
LIBs have been proposed as:**

discharge:

NiO + 2Li* + 2¢~ — Ni + Li,O;

charge:

Ni + Li,O — 2~ —NiO + 2Li".

Based on this mechanism, the theoretical specific capacity
value can be calculated by Faraday law as ~718 mA h g~ *. The
CV curves of Cu-NiO-1/8 calcined at different temperatures in

Table 1 The electrochemical performance of Cu—-NiO-1/8 calcined at 400 °C compared with those of published NiO electrodes

Samples Cycle number Reversible capacities (mA h g™ ") Reference
NiO hollow microsphere 45 490 (100 mA g™ 1) 19
CoO-NiO-C 60 562 (100 mA g ') 20
3D flower like NiO 40 713 (100 mA g ) 28
NiO nanosphere 60 518 (100 mA g ') 29
CuNiO/carbon nanotube 50 686 (100 mA g™ 1) 30
CuO-NiO nanocomposites 50 562.5 (100 mA g~ ') 31
Cu-NiO-1/8 flake 50 714.4 (100 mA g7 Y) This work

This journal is © The Royal Society of Chemistry 2019

RSC Adv., 2019, 9, 35948-35956 | 35953


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05618a

Open Access Article. Published on 05 November 2019. Downloaded on 7/23/2025 1:34:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances
030F ——350°C (a)
——400°C
0.15F ——4s0°C
%
E0.00 |
«
£
=-0.15F
5
£
=
0-0.30
-0.45 -
1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0

Potential / V (vs. Li'/Li)

View Article Online

Paper
100
R -
R et WS CI b //
= ( ) ¥
80 F / s/
CPE_ /. ./‘
=1 / I/A/
= 60 F o S
) Yl
by oS
o A
g LA
=l we N
N0 | Y i
W A
A
oL A —m—350°C
20 ~
—e— 400 °C
—A—450 °C
0 1 1 1 1
0 20 40 60 80 100
Zre / Ohm

Fig. 11 The CV curves (a) and EIS spectra (b) of the Cu—NiO-1/8 calcined at different temperatures.

the 3™ cycles are picked, because the CV curves in the first
cycles would show the large irreversible capacity and be inter-
fered by the “additional reaction”, which is related to the
formation of solid electrochemical interface (SEI) and amor-
phous Li,O. In the cathodic scan, there are one weak peak
around 1.42 V and one strong peak around 1.0 V, corresponding
to the formation of SEI and the conversion of NiO to Ni,
respectively.*® While in the anodic scan, there are also two
different oxidation peaks. One weak oxidation peak around
1.58 V is related to the decomposition of SEI and the other
strong peak around 2.25 V is consistent with the oxidation of Ni
to NiO.** The couple peaks of the formation/decomposition of
SEI can also explain the extra capacity of the as-prepared flake
Cu-NiO electrodes, whose reversible capacity displayed in Fig. 3
and 9 is somewhat higher than the theoretical value of NiO
(~718 mA h g '). Additionally, the potentials of all the
oxidation/reduction peaks are consistent with the results
showed in the charge/discharge curves (Fig. 10b) and these
results are similar with those previous researches.**** Although
the shapes of the three CV curves do not have an obvious
distinction, the strength of the peaks is closely impacted by the
calcination temperature of the samples. The strength of the
couple peaks of the conversion between NiO and Ni increases
when the calcination temperature rises to 400 °C, and dramat-
ically decreases when the temperature reaches 450 °C. This is
ascribed to the different electrochemical performances of the
three electrodes: good performance with stronger peaks.

In the impedance spectra of Cu-NiO-1/8 calcined at different
temperatures (Fig. 11b), the insert is the fitted equivalent
circuit. It can be seen that Cu-NiO-1/8 calcined at 400 °C reveals
the lowest R. (2.84 Q) and Ricq) (3.50 Q) values, suggesting
significantly improved electron conductivity and charge transi-
tion on the electrode-electrolyte interface. The results from the
special flake structure with moderate thickness, which is closely
related to the added content of Cu element and calcination
temperature. The most suitable flakes can shorten the pass
route of Li" and alleviate the volume expansion of active mate-
rial during the charge/discharge process, by which the capacity
and stability can be significantly improved. The results from the

35954 | RSC Adv., 2019, 9, 35948-35956

CV and EIS can give better explanation of the excellent elec-
trochemical performances showed in Fig. 10.

R. (Q), electrolyte resistance, Rs¢:c) (Q), surface film + charge
transfer resistance, CPE.qy) (LF), constant phase element due
to surface film + double layer capacitance, W (Q), Warburg
resistance, C;(uF), intercalation capacitance.

The rate performance of the three samples is presented in
Fig. 12. After 5 cycles at 0.1C, the Cu-NiO-1/8 electrodes
calcined at 350 °C, 400 °C and 450 °C show the reversible
capacity of 849.3,920.3 and 757.7 mA h g~ . At a current density
of 0.2C after 20 cycles, these values decrease to 727.7, 862.9 and
628.3, respectively. When the current density continuously
increases to 1C, the reversible capacity of the electrodes can still
retain 507.2, 545.8 and 380.1 mA h g~ ". As the current density
returns back to 0.1C, the reversible capacity of the Cu-NiO-1/8
electrodes can remain at 652.8, 744.2 and 522.0 mA h g%,
respectively. Even if being cycled after four different current
densities for 20 cycles, the reversible capacity of Cu-NiO-1/8
electrode calcined at 400 °C could still keep at a value of
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Fig. 12 Rate performance of Cu-NiO-1/8 calcined at different
temperatures.
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Fig. 13 Long-term cycling performance of Cu—NiO-1/8 calcined at
400 °C under a current density of 0.5C.

744.2 mA h g~', which is 222.2 mA h g higher than that
calcined at 450 °C and 91.4 mA h g~ " higher than that calcined
at 350 °C. As mentioned above, Cu-NiO-1/8 electrodes calcined
at 400 °C also presents particularly improved rate performance
compared with the other two electrodes. Long-term cycling
performance is critical for the applications of LIBs. As shown in
Fig. 13, the Cu-NiO-1/8 calcined at 400 °C under a current
density of 0.5C (0.5 A g™ ") can still deliver a reversible capacity of
503.4 mA h g~ after 210 cycles. And the coulombic efficiency is
very stable and close to 100% except the first 3 cycles.

Based on all the experimental results above, the best elec-
trochemical performance is achieved by the Cu-NiO-1/8 elec-
trode with a calcination temperature of 400 °C. Firstly, the
doping of Cu into the lattice of NiO and the exactly suitable
molar ratio of Cu®>*/Ni** can efficiently lower the resistance of
the charge transfer process between the electrolyte and the
electrode. Then the specific flake structure with preferable
thickness can shorten the of Li ions. In other words, the
improved electrochemical performance of the electrode should
be ascribed to the synergetic effect of both the optimal level of
Cu doping and the thinned flake structure.

4 Conclusion

In conclusion, a novel Cu-doped flake NiO electrode has been
synthesized successfully on Cu foil by a traditional hydro-
thermal method. The unique structure of the as-prepared
electrode exhibited a huge specific surface area and excellent
electrochemical property, and the Cu-NiO-1/8 calcined at
400 °C shows a competitive electrochemical performance. The
reversible charge capacity could maintain at 714.4 mA h g *
after 50 cycles under 0.1C and 503.4 mA h g~ " after 210 cycles
under 0.5C, respectively. Meanwhile, the as-prepared electrode
showed excellent rate performance. All the results indicated the
Cu-NiO-1/8 electrode calcined at 400 °C should be a promising
electrode material for LIBs.

This journal is © The Royal Society of Chemistry 2019
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