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Preparation of CuO@humic acid@carbon nanotube
composite material using humic acid as a coupling
agent and its lithium-ion storage performancet
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The conventional Li-ion battery composite electrode material composed of CuO and carbon nanotubes
(CNTs) suffer from poor contact between CuO and CNTs. This results in high electrode resistance and
poor electrochemical performance. To solve this problem, CuO@humic acid (HA) @CNT anode material
with cross-linked network structure was generated by linking CuO and CNT with HA as a coupling
agent. For comparison, CuO@HA or CuO@CNT were also prepared in the absence of CNT or HA,
respectively. The results showed that CuO@HA@CNT had lower charge transfer resistance, higher
conductivity, lithium-ion diffusion coefficient, specific capacity, and rate capability than CuO@HA and
CuO@CNT. The specific capacity of the CuUO@HA@CNT electrode was significantly better than that of

the composite electrode materials of CuO and CNT, which have been prepared by scientists using
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obtained, but also the specific capacity and rate capability of the electrode material were substantially

DOI: 10.1039/d3ra01926h improved. This study thus provides a good strategy to optimize the capability of transition metal oxide
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1. Introduction

With the rapid development of the electric vehicle industry, the
exploration and development of lithium-ion batteries (LIBs)
with higher energy density is currently the focus of research in
energy storage.' Graphite is a commonly used electrode mate-
rial, but due to the limitations of its inherent defects, it cannot
meet the requirements of high power and fast charging at
present.>® The CuO metal oxide anode materials, however, are
gradually being favored by scientists due to their non-toxicity,
high energy storage capacity, and high theoretical capacity.*
As with most metal oxides, there are two challenges in applying
CuO as anode material of LIBs. On the one hand, its own
electronic conductivity is poor.>® On the other hand, the volume
expansion of CuO over the course of a cycle causes the electrode
material to shatter and detach from the current collector,
leading to a rapid deterioration of electrochemical
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performance. In previous studies, combining carbon substrates
with CuO has been shown to be an effective way to overcome
these difficulties, because the highly conductive and flexible
carbon matrix can serve as both a conductive additive and
a volume expansion buffer matrix, which can effectively alle-
viate the capacity decay of CuO.”® Researchers have improved
the electrochemical properties of the materials by modulating
the CuO morphology and size,”*” and compounding CuO with
other metal oxides'®? or carbon materials.”**** Carbon mate-
rials often used for compounding with CuO are graphene, gra-
phene oxide, carbon nanotube (CNT),>*** and multi-walled
carbon nanotubes (MWCNT). Among them, CNT or MWCNT
is the most widely used, as shown in the following examples.
An electrode material containing CuO nanosheets and
MWCNT was prepared by W. Yuan®® using electrophoretic
deposition and solution etching. The reversible capacity was
close to 540 mA h ¢ at 100 mA g, which was much higher
than that of CuO anode material without MWCNT. MWCNT not
only promoted electron transfer but also enhanced the struc-
tural stability of the CuO nanosheets. The porous cross-linked
network structure reduced the electrode resistance, improved
electrode's capacity and rate capability, and increased elec-
trode's life. S. Lee* synthesized forest-like CuO/CNT nano-
composites on the CNT surface by taking advantage of the CNT
network structure. The electrode material can accommodate
alarge amount of Li* ions due to its highly conductive staggered
3D structure, and therefore displayed a good specific capacity
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Fig. 1 Structural representation of CUO@HA@CNT electrode material.

(approx. 700 mA h g ' at 425 mA g '). S. M. Abbas®® synthesized
CuO nanospheres/CNTs composite electrode materials by
simple solution reaction in the presence of CNTs using CuCl, as
raw material. The small size and good dispersion of CuO
nanorods contributed to the diffusion of Li" during the
charging and discharging process. CNTs had a huge specific
surface area, allowing the CuO to be in full contact with the
electrolyte, thus generating larger capacity. CNTs acted as
conductive channels between the CuO nanostructure and
current collectors, thus lowering the internal resistance of the
electrodes and boosting the conductivity. The synergistic
interaction between the two led to their elevated performance in
terms of specific capacity, cycling property, and coulombic
efficiency.

X. Cui*” synthesized CNT entangled copper nanowire
network structures in a molten mixture of hexadecylamine and
cetyltrimethy ammonium bromide through a catalytic growth
process, followed by further in situ thermal oxidation to CuO/
CNT with network structures. Binder-free and conductive
additive-free anodes constructed with this network structure
exhibited remarkably promising electrochemical performance.
Thin CuO nanowires of 7 + 3 nm in diameter, 10°~10" in aspect
ratio and 51.08 m”> g~ in specific surface area were prepared by
H. Huang.** Subsequently, a thin CuO nanowire/CNT inter-
penetrating network was prepared, and the electrochemical
performance of the lithium battery electrodes prepared by this
network structure was significantly better than that of the
control. The optimum electrochemical performance was ach-
ieved when the mass fraction of CNT in the CuO nanowire/CNT
interpenetrating network was 33.3 wt%.

The anode materials reported in the above literature are all
complexes of CuO and CNT, which still suffer from poor rate
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capability and specific capacity. This is due to the poor electrical
conductivity of CuO itself, the uneven distribution of CuO
morphology, and the small contact surface between CuO and
CNT, and consequently leads to high electrode resistance and
poor electrochemical performance.

Humic acid (HA) is a product of decomposition and trans-
formation of plant and animal remains. Humic acid is rich in
resources, reserves and distribution,** and contains many
carboxyl, quinone, and hydroxyl groups, which can combine
with metal ions (especially heavy metal ions) to form
complexes.®* In this paper, CIO@HA@CNT anode materials
(Fig. 1) with a cross-linked network structure was generated by
linking CuO and CNT with HA as coupling agent. On the one
hand, the carboxyl group of HA molecule reacted with the
hydroxyl group on the surface of CuO to generate ester groups;
on the other hand, HA molecule generated strong w-m inter-
action forces with the electron-rich CNTs. As a result, under the
action of HA, CuO was firmly fixed on the CNT surface under the
effect of HA, which accommodated the volume expansion,
lowered the internal resistance, increased the conductivity, and
improved the electrode reaction kinetics. For comparison,
CuO@HA and CuO@CNT without CNT or HA were also
prepared, respectively, and the structures, morphologies and
electrochemical properties of CUO@HA@CNT, CuO@HA and
CuO@CNT were compared and analyzed.

2. Experimental section
2.1. Experimental reagents

HA, Tianjin Chemical Reagent Company; CNT (98%), Beijing
Deke Daojin Science and Technology Co., Ltd; CuSO,-5H,0,
Tianjin Chemical Reagent Company; polyvinylidene fluoride

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(PVDF) and conductive black (Super P), Liyuan Battery Sales
Department.

2.2. Synthesis of the three composite electrode materials

200 mg HA, 200 mg CNT, and 1.0 g of cetyl trimethyl ammo-
nium bromide (CTAB) were solubilized in deionized water
and mixed for 0.5 h at room temperature. Then 630 mg of
CuSO,-5H,0 was added. Ammonia was then added after
complete dissolution to adjust the pH of the solution to 10. The
mixture above was heated by microwave at 130 °C for 3 h,
centrifuged for 15 min, and washed three times to obtain an
intermediate product. The intermediate product was thor-
oughly ground and placed in a tube furnace and pyrolyzed
under air atmosphere at 350 °C for 2 h (heating rate 5 °C min™ "),
with the final product being CUO@HA®@CNT. Under the same
reaction conditions, CuUO@CNT or CuO@HA were prepared
without the addition of HA or CNT, respectively.

2.3. Test methods

The physical properties test method of electrode material, the
preparation method of lithium battery, and the electrochemical
properties test method are presented in ESL.T

3. Results and discussions

3.1. XRD, Raman, TGA, and nitrogen adsorption/desorption
isotherms analyses

Fig. 2a shows the XRD spectra of the three samples. According
to the JCPDS standard card PDF#41-0254, four sharp diffraction
peaks at 32.5°, 38.7°, 48.7°, and 61.5° of the three composites
corresponded to the (002), (111), (202), and (022) crystal planes
of CuO, which indicated the presence of CuO in all three
samples. The XRD patterns of both CuO@HA@CNT and

View Article Online
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CuO@CNT showed a broad peak at 25° compared to CUO@HA,
which corresponded to the (002) plane of the graphite struc-
ture,* indicating that the composites were doped with CNT.
From the Raman spectra in Fig. 2b, it could be seen that all
three composites had distinct peaks at 1342 and 1597 cm ™%, and
this corresponded to the D-band (defect-induced band) and G-
band (crystalline graphite band) of the carbon material,
respectively. The intensity ratio (Ip:Ig) of CuUO@HA@CNT,
CuO@CNT, and CuO@HA were 1.18, 1.09, and 0.96, respec-
tively, indicating that the highest content of defective carbon
atoms was found in CuO@HA@CNT.

Fig. 2c displays the thermos-gravimetric analysis (TGA)
curves of the three samples. The weight loss below 100 °C of the
CuO@HA, CuO@CNT, and CuO@HA@CNT samples was
attributed to the evaporation of adsorbed water vapor on the
sample surfaces. For CuO@HA and CuO@HA@CNT, the
decomposition of HA occurred at around 450 °C. In CUO@CNT
and CuO@HA®@CNT, the decomposition of CNT was divided
into two stages, the first stage between 200-400 °C, where
impurities and organic substances on the surface or inside the
structure of the CNT began to desorb and decompose; the
second stage was between 400-800 °C, where the carbon
framework of the CNT began to decompose, and gradually lost
its crystalline properties, and the internal impurities and cracks
in CNT also led to its instability and further decomposition.’*-*
There was basically no further change in the weight of the three
at about 800 °C. And the carbon contents of CUO@HA®@CNT,
CuO@CNT, and CuO@HA could be calculated to be 18.8%,
15.9%, and 9.2%, respectively. CUO@HA@CNT, CuO@CNT,
and CuO@HA all showed typical type III isotherms and H;
hysteresis loops, as indicated in Fig. 2d. As could be seen from
Fig. 2e, the pore size distribution of CuO@HA@CNT was mainly
between 30 to 50 nm. CuUO@HA@CNT and CuO@CNT had
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CuO@HA@CNT, CuO@CNT, and CuO@HA.
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much higher specific surface areas of 176.8 and 178.8 m> g *
than CuO@HA (40.4 m* g~ '). This was mainly due to the large
specific surface area provided by the reticular structure of CNT.
The larger specific surface area and mesoporosity could accel-
erate the diffusion and electron transfer of Li'.

3.2. Morphological and XPS analysis

As indicated in Fig. 3, the morphologies of CuO@HA®@CNT,
CuO®@CNT, and CuO@HA samples were clearly different, while
in Fig. 3a-c, the CuO in CuUO@CNT was in the form of flakes,
which were loosely fixed on the CNTs and unevenly dispersed;
the CuO in CuO@HA showed a flower-like structure and was
uniformly dispersed; the CuO in CUO@HA®CNT also exhibited
a flower-like structure and was also uniformly dispersed on the
CNT network. As shown in Fig. 3d, the EDS spectrum showed

¥ 200nm
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that CUO@HA®@CNT contained the elements C, N, O, and Cu,
with N originating from HA.

Fig. 3e-j show the transmission electron microscope
photographs of CUO@HA@CNT, CuO@CNT, and CuO@HA. It
could be noticed that there was a set of lattice stripes with
a spacing of 0.25 nm in all three samples, which corresponded
the (002) crystal plane of CuO, indicating the presence of CuO in
all three samples. CuO in CuO@CNT (Fig. 3g and h) was in the
form of flakes, while the CuO in both CuO@HA (Fig. 3e and f)
and CUO@HA®CNT (Fig. 3i and j) was in the form of a flower,
which was consistent with previous SEM observations. It could
be inferred that the polar groups in HA could interact with
copper ions during precursor formation, thus promoting the
formation of nano-flower-like CuO.** Distinct tubular-
structured CNTs could be observed in CuO@CNT and

0.25nm
(002)

10nm

0.25nm
002)

S (002)

Fig. 3 Scanning electron microscope photographs of (a) CUO@CNT, (b) CuO@HA, and (c) CuO@HA@CNT. EDS patterns of (d) CuO@HA@CNT.
Transmission electron microscope photographs of (e and f) CuO@HA, (g and h) CuUO@CNT, and (i and j) CUO@HA@CNT.
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Fig. 4 (a) XPS full spectra of CUO@HA@CNT, CuO@CNT, and CuO@HA; XPS fine spectra of CuO@HA@CNT: (b) C 1s, (c) O 1s, and (d) Cu 2p.

CuO@HA@CNT, which could improve cycling performance and
rate capability.

Fig. 4a shows the XPS full spectra of the three composites. All
three contained the elements C, O, and Cu, among which
CuO@HA®@CNT and CuO@HA also contained the element N,
while CUO@CNT did not. It could be seen from Fig. 4b that the
peaks of C 1s spectrum of CUO@HA@CNT at 284.9 eV, 286.4 eV,
and 290.2 eV corresponded to sp> C, C-N, and C=O0, respec-
tively. As indicated in Fig. 4c, in the O 1s spectrum of CuO@-
HA®@CNT, the peak at 529.6 eV came from CuO, and the two
peaks at 531.4 and 533.0 eV were possibly attributable to O, and
H,0 adsorbed on the sample surface.®® The fine Cu 2P XPS
spectrum of CHO@HA®@CNT was given in Fig. 4d. The peaks
around 933.8 eV and 953.8 eV originated from Cu 2p;/, and Cu
2p1/2, and the two peaks around 941.6 eV and 944.0 eV corre-
sponded to the Cu®*, which also proved the presence of CuO in
CuO@HA@CNT. 340

3.3. CV and EIS test

Fig. 5a—c show the CV curves of CUO@HA®@CNT, CuO@CNT,
and CuO@HA, respectively. As demonstrated in Fig. 5a, the
conversion of CuO to solid solution Cui" CuyO;_,., (eqn (1))*
occurred during the first negative scan. The transition of
Cul' ,Cuz0;_,, to Cu,O occurred at about 1.21 V (eqn. (2)).
Cu,O was converted to Cu (eqn. (3)) at 0.81 and 0.66 V, and the

growth of SEI layers also occurred in this region.** In the 2nd

© 2023 The Author(s). Published by the Royal Society of Chemistry

and 3rd cycle of negative scanning, the reduction peaks of all
three samples were shifted to higher voltages, which was
common in most non-embedded anode materials.*** It could
also be found from the CV curves that all three showed anodic
peaks at around 2.47 V, when Cu transformed to Cu,O and CuO.

2Cu0 + 2xLi* + 2xe™ — 2Cul" CulO,_.» + xLi,O (1)
2Cull .CulO)_pp + 2(1 — X)Li* +2(1 — x)e” —

Cu,0 + (1 — x)Li,O (2)

Cu,0 + 2Li" + 2¢~ — 2Cu + Li,O (3)

Fig. 5d shows the AC impedance curves of the three samples
before and after cycling, where the addition is an equivalent
circuit diagram. R, denotes the ohmic resistance. Rgg; and Qsgg
represent the resistance and capacitance of the SEI film. A semi-
circle diameter in the mid-frequency region represents the
resistance to charge transfer (R.), a diagonal line in the low-
frequency region represents the resistance to Li' diffusion
(Qw), and Qg signifies the capacitance of the bilayer.*®

The R, and R, of CuO@HA@CNT, CuO@CNT, and
CuO@HA were obtained by fitting the equivalent circuit
diagram, as shown in Table 1. As revealed, the R, values of the
three samples after 500 cycles were significantly lower than
those before cycling. This was due to the fact that during

RSC Adv, 2023, 13, 24191-24200 | 24195
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cycling, the electrode material was gradually activated and
a small amount of lithium ions were irreversibly embedded, so
that the conductivity of the electrode itself was increased. The
R, of CUO@HA@CNT was the smallest among the three
samples, which was due to the fact that HA combined CuO and
CNT to form a highly conductive and interleaved three-
dimensional structure that reduced the resistance of the

According to eqn (S1), a linear fitting curve of Z' (real part of
Q., impedance) versus w~** was obtained, as shown in Fig. 5e.
The Li* diffusion coefficient (Dy;:) of the electrode could be
obtained from eqn (2). The Dy; values before cycling and after
500 cycles were 3.94 x 10~ and 1.51 x 10" **> cm?® s~ ' for
CuO@HA®@CNT, 1.40 x 10 and 3.70 x 10™" cm? s~ for
CuO@CNT, and 6.36 x 10 ** and 1.71 x 107" ecm?® s™! for

electrodes. CuO@HA, respectively. Notably, the Dp;» values of
Table1 Rg and R of CUO@HA@CNT, CuO@CNT, and CuO@HA before cycling and after 500 cycles
CuO@HA@CNT CuO@CNT CuO@HA
After 500 After 500 After 500
Sample Before cycling cycles Before cycling cycles Before cycling cycles
Rqa (Q) 1.48 10.4 2.54 6.3 1.67 6.4
R (Q) 334 58 362 119 427 151
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CuO@HA®@CNT were the largest both before cycling and after
500 cycles, which indicated that HA brought CuO and CNT
together, not only to improve the electrical conductivity, but
also to boost the diffusion of lithium ions.

3.4. Cycling stability and rate capability

The galvanostatic charge/discharge (GCD) curves of the
CuO@HA@CNT electrode are presented in Fig. 6a. At the first
cycle, the large difference between the discharge capacity
(1339.6 mA h g~ ') and the charge capacity (833.4 mAh g™ '), and
the small coulombic efficiency (CE) (62.2%) were due to SEI film
formation and degradation of the electrolyte, which was the
case for a good number of electrode materials. There was no
significant change in the shape of the curve in the following
cycles, indicating that the CHO@HA®@CNT electrode had good
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cycling stability. As demonstrated in Fig. 6b, after 200 cycles at
a current density of 0.1 A g~', the specific capacities of
CuO@HA®@CNT, CuO@CNT, and CuO@HA reached 1000.2,
479.6, and 344.2 mA h g™, respectively. As indicated in Fig. 6c,
after 500 cycles at 0.5 A g’l, CuO@HA®@CNT electrode still had
a capacity of 632 mA h g~ !, which was much higher than those
of the CuO@CNT and CuO@HA due to its relatively lower
resistance to charge transfer and higher Dy ;-

The rate capability of the three samples is shown in Fig. 6d.
The reversible capacity and capacity retention of CuO@-
HA®@CNT were improved as compared to the other two samples.
The reversible capacities of the CUO@HA@CNT electrode at 0.1,
0.2,0.3,0.5,1,and 2 A g~ * were 814.3, 775.5, 762.9, 705.3, 639.3,
and 570.9 mA h g~ ', respectively. As the current density drop-
ped rapidly from 2 to 0.1 A g~ ', CUO@HA@CNT's capacity was
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comparable to the initial capacity, thanks to its lower electrode
resistance and higher Dy;-.

The degree of volume change in CuO during cycling could be
characterized by the electrode thickness rate.*” The initial elec-
trode thickness before cycling was first obtained, then the elec-
trode thickness after cycling was tested, and then the electrode
thickness rate was calculated according to the following equation.
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Fig. 6e and f depict the electrode thickness changes of
CuO@CNT, CUO@HA, and CUO@HA®@CNT at current densities
of 0.1 and 0.5 A g, respectively. It could be seen that the
electrode thickness rate of CUO@HA®@CNT was the smallest,
while the electrode thickness rate of CuO@HA was the largest.
CuO@HA®@CNT had an electrode thickness rate 0.99 times
smaller than CHO@CNT (200 cycles at 0.1 A g~ ") and 0.59 times
smaller (500 cycles at 0.5 Ag~ "), indicating that the introduction

. electrode thickness after cycling — initial electrode thickness
Electrode thickness change = — - x 100% (4)
initial electrode thickness
Table 2 Comparison of specific capacity between samples in this paper and reference
Specific capacity Current density
Sample (mAhg™) (mag™ Reference
CuO@HA@CNT 1000.2 100 This work
CuO@HA@CNT 632 500 This work
CuO nanosheets@CNT 540 100 26
Forest-like CUO@CNT 700 425 27
CuO nanospheres@CNT 638 100 28
CuO nanotube networks@CNT 557.7 135 29
CuO nanowires@CNTs 576 67 30
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of HA increased the bonding strength between CuO and CNT,
reducing the volume change of CuO. Due to the much higher
electrical conductivity of CNT as compared to HA, CuO@HA
had lower conductivity than CuO@CNT, which resulted in the
largest volume change of CUO@HA.

As demonstrated in Table 2, the specific capacity of CuO@-
HA®@CNT electrode was significantly better than that of CuO
and CNT composite electrode materials prepared by other
scholars using various methods. This was because the HA
coupling agent firmly fixed CuO on the CNT surface and built
a solid cross-linked network, and as a result, the volume change
and internal resistance were reduced, the conductivity was
increased, and the electrode reaction kinetics was improved.

3.5. Lithium storage mechanism

To determine the lithium storage mechanism of the three
samples, the CV curves of these three samples at various scan
rates were obtained, as shown in Fig. 7a, d and g. Eqn (5) shows
the relation between the peak current of the CV curve (i) and
scan rate (v). In the case of small scan rates, a and b can be
assumed to be constants.*® Eqn (6) is the logarithm of eqn (5).
b reflects the reaction kinetics of the electrode. If the b value is
near 0.5, it suggests that the lithium storage process is under
the control of diffusion, and if the value of b is close to 1, it
indicates that the lithium storage process mostly originates
from the pseudocapacitance. As displayed in Fig. 7b, e and h,
fitting log i and log v yielded b values of 0.74, 0.70, and 0.60 for
CuO@HA®@CNT, CuO@CNT, and CuO@HA, respectively, indi-
cating that the lithium storage process of the three samples
should be controlled by both diffusion and pseudocapacitance.

i=a’ (5)
logi =blogv + loga (6)
i= k1V + szl/z (7)

Eqn (5) could be modified to eqn (7), and the capacitive
contribution for a given voltage can be obtained after data
processing® as demonstrated in Fig. 7c, f and i. It could be
noticed that as the CV scan rate increased from 0.2 to 1.0 mV
s, the capacitive contribution of CUO@HA@CNT, CuO@CNT,
and CuO@HA rose from 50.4% to 81.4%, 48.6% to 80.3%, and
39.5% to 67.1%, respectively. This was caused by the accelera-
tion of electron transport and the shortening of the ion diffu-
sion distance with the increase of scanning speed, which
ultimately led to the enhancement of the capacitive contribu-
tion of the three.*

The pseudocapacitive process, also known as the faradaic
process, typically occurs on the surface of electrode materials or in
their vicinity. And the pseudo-capacitance process favors the high
rate of lithium-ion insertion and extraction. It could be observed
in Fig. 7c, f and i that the capacitive contribution of CuO@-
HA®@CNT was higher than that of CUO@CNT and CuO@HA at the
same scan rate, which was the main reason behind the good
cycling stability and rate capability of CtO@HA®@CNT.>

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

In this paper, CUO@HA®CNT lithium battery anode material
with cross-linked network structure was generated by linking
CuO and CNT with HA as coupling agent. For comparison,
CuO@HA or CuO@CNT were also prepared in the absence of
CNT or HA, respectively. XRD and XPS analyses revealed the
existence of CuO in all three electrodes. SEM and TEM
demonstrated that CuO in CuO@CNT existed in the form of
flakes, and CuO in both CuO@HA and CuO@HA®@CNT showed
flower-like shape, indicating that HA promoted nanoflower-like
CuO formation. The charge transfer resistance, conductivity,
lithium-ion diffusion coefficient, specific capacity, and rate
capability of CuO@HA@CNT were superior to the other
samples. The reversible capacities of the CUuO@HA@CNT elec-
trode at 0.1, 0.2, 0.3, 0.5, 1, and 2 A g~ ' were 814.3, 775.5, 762.9,
705.3, 639.3, and 570.9 mA h g, respectively, which were
greatly superior to the composite electrode materials of CuO
and CNT prepared by scientists using various methods. This
was because HA firmly anchored CuO on the CNT surface and
built a solid cross-linked network, which reduced volume
change and internal resistance, and improved the conductivity,
lithium-ion diffusion coefficient, as well as capacitive contri-
bution, so that the CUO@HA®@CNT achieved excellent specific
capacity and rate capability.
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