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Size and shape uniformity of nanomaterials are extremely important for their applications in batteries,
supercapacitors, catalysis, etc. In the crystallization process, finding proper synthesis conditions is necessary
to have control over size dispersion, as well as crystal planes. In this work, we synthesized Cu,O rhombic
dodecahedra (exposing 12 {110} planes) with size range from 1351 nm to 142 nm at a reaction temperature
of 31-60 °C. The main parameters governing the size of Cu,O were the concentration of the precursor
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species and reduction reaction, which were affected by a given temperature. Results of crystallization
experiments indicated that reaction and crystallization kinetics were mainly enhanced by raised
temperature. Serving as lithium ion battery anodes, Cu,O rhombic dodecahedra showed higher capacity
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than cubes and octahedra. This work gives us a way of optimizing the temperature conditions for obtaining
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rsc.li/crystengcomm size uniformity of nanomaterials.

1. Introduction

In modern materials science and engineering, the
morphology, particle size, orientation and nanostructure of
metal oxides have significant effects on their catalytic,
magnetic and electronic properties.’ Therefore, it is critical
to effectively control the size and morphology of metal oxides
during the crystallization process. Many works have been
devoted to controlling the size of particles from nanometer to
micrometer, and various morphologies have been successfully
synthesized, such as wires,® rods,” cubes® and octahedra.’ To
control the size and morphology of the particles, it is
important and meaningful to study the nucleation and
growth mechanisms of nanocrystals, which are the most
important processes of crystallization. According to
crystallization theory, the variables that affect the growth rate
are supersaturation, temperature and interfacial tension.'
Temperature has a significant impact on controlling the
nucleation and growth process, which can affect the size and
shape of materials. Studying the relationship between the
morphology/size of nanoparticles and reaction temperature is
of great significance for the realization of tunable design and
preparation of functional materials.
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Due to its advantages of facile synthesis and the available
customized morphologies, Cu,O has been widely studied in
the fields of electrocatalysis,"* gas sensors,'” antibacterial
agents,”> and electrochemical energy storage.* The
crystallization of Cu,O nanostructures with precise size and
shape control can provide a potential opportunity to discover
unique morphology-related properties. The typical polyhedral
shapes of Cu,O are cubes (c-CuyO, six {100} planes),
octahedra (0-Cu,0, eight {111} planes), rhombic dodecahedra
(d-Cu,0, twelve {110} planes), and other polyhedra with
different ratios of exposed {100}, {111}, {110} crystal planes.
Recently, many researchers have directed a lot of effort at
gaining insight into the relationship between the crystal
planes and properties of Cu,O. For example, Chen et al'®
have studied the sensor sensitivity of c-Cu,O and 0-Cu,O for
different kinds of organic gases, and the results displayed
that 0-Cu,O had enhanced sensing performance. Wang
et al.'® showed that 0-Cu,O exhibited higher activity in killing
E. coli than c¢-Cu,O due to the different Cu/O atom
arrangements of {111} and {100} facets.

Lithium-ion batteries are widely used electrochemical
devices due to their high energy, power density and long
cycle lifetime."”2° In order to obtain higher energy density
and longer cycling life, the chemical activity and reversibility
of anode materials have been studied in detail, for example,
Fe,03,>" TiO,,** C0304,>* NiO (ref. 24), Cu,0,>® etc. Owing to
its controllable size and morphology, Cu,O is often used to
study the size- and morphology-dependent electrochemical
energy storage properties. The high-energy crystal plane has
more surface dangling atoms, which will promote the
reaction between Cu,O and lithium, so Cu,O polyhedra with
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high-energy surface should have useful electrochemical
properties. The surface energy of the three low-index crystal
planes {100}, {111} and {110} of Cu,O is closely related to the
density of undercoordinated Cu atoms.>® The {110} facet of
d-Cu,O has the maximum surface energy, which may result
in d-Cu,O having higher electrochemical capacity than c-
Cu,O and 0-Cu,O. In this work, Cu,O with different size and
shape was firstly crystallized by controlling the reaction
temperature. Then, the relationship between the size/shape
of d-Cu,O and electrochemical properties was also studied.
This work can provide some understanding about how
specific reaction conditions lead to particular materials.

2. Experimental section
Synthesis of Cu,O cubes

50 mmol PEG-200, 2 mmol CuSO,-5H,0, 2.5 mmol sodium
ascorbate and 75 mmol NaOH were dissolved in 800 mL, 200
mL, 500 mL and 500 mL water, respectively. Then, the
copper(u) solution was added to the PEG-200 solution. The
mixed solution of sodium ascorbate and NaOH was added
into the copper(u) solution. After vigorous stirring for 20 min,
the yellow precipitates were filtered off and dried at 35 °C for
further characterization.

Synthesis of Cu,O rhombic dodecahedra

69.2 mL deionized water was added into a sample bottle, and
placed in a water bath at a given temperature. After heating
for a while, 0.5 mL of 0.1 M CuCl, solution was added into
the deionized water, and then 0.81 g SDS powder was added
with vigorous stirring. 1.8 mL of 1.0 M NaOH was added to
the above solution after complete dissolution of SDS. Then
hydroxylamine hydrochloride solution was added into the
sample bottle. After vigorous stirring for 60 min in the water
bath, the precipitates were filtered off and dried at 35 °C for
further characterization.

Synthesis of Cu,O octahedra

0.4 g CuSO,-5H,0 and 0.8 g PVP were dissolved in 70 mL
water with vigorous stirring. 0.3 g NaOH was dissolved in 10
mL water and 0.4 mL of 50% N,H, was added into the NaOH
solution. Then, the above two solutions were mixed with
vigorous stirring for 30 min. Precipitates were obtained and
centrifuged between 2000 and 3000 rpm.

Characterization

The as-obtained products were investigated by scanning
electron microscopy (SEM, JEOL, JSM-6700F), X-ray
diffraction (XRD, Rigaku, Smartlab 3KW), X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB250i) and Fourier
transform infrared (FTIR) spectroscopy (IRAffinity-1S).

The lithium ion battery properties of Cu,O were
characterized by employing CR2032 coin cells. Working
electrodes were fabricated by mixing Cu,O products,
polyvinylidene fluoride and carbon black in a weight ratio of
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80:10:10. Then the mixed powders were adhered together by
using N-methyl-2-pyrolidone, and coated onto copper foils. A
lithium metal sheet was used as the counter electrode and a
glass microfiber as separator. The electrolyte was 1 M LiPF,
dissolved in a dimethyl carbonate and ethylene carbonate
(DMC:EC = 1:1) solvent mixture. Electrochemical impedance
spectroscopy  (EIS) and cyclic voltammogram (CV)
measurements were conducted with an electrochemical
workstation (CHI 660E) over the potential range 0.01-3.0 V
(vs. Li'/Li), and charge-discharge tests of the Cu,O/Li coin
cells were carried out with a CT3001A battery test system
(LANHE) at a set of current densities within the potential
range 0.01-3.0 V (vs. Li*/Li).

3. Results and discussion
Growth of d-Cu,O

In order to investigate the growth process of d-Cu,0, a series
of samples produced with different reaction times were
studied. Fig. 1a shows a schematic diagram of the size and
morphology of d-Cu,O for different reaction times at given
temperature. In a typical process, after adding NaOH solution
to the mixed solution of CuCl, and SDS, the solution quickly
turned blue indicating the formation of Cu(OH), and
[Cu(OH),]*". The chemical reactions of this process are as
follows:

Cu** + 20H™ — Cu(OH), (1)
Cu** + 40H™ — [Cu(OH),]*” (2)

After addition of NH,OH-HCIl into the mixture, the
solution turned green and it lasted 30 s. The reaction can be
shown as follows:

2NH,OH + 2Cu(OH), — Cu,0 + N, + 5H,0 (3)

The color changes of the solution in the synthesis process
of d-Cu,O are shown in Fig. S1.f The SEM image of the
product obtained for a 30 s reaction time is shown in Fig. 2a;
the small particles are Cu,O nanoparticles and the floccule is
Cu(OH),. This can be confirmed by the FTIR spectra in
Fig. 3. Six characteristic peaks were located at 3572, 2916,
2849, 1612, 1263 and 624 cm . The 3572 and 624 cm™" peaks
correspond to Cu(OH), (ref. 27) and Cu,0,*® respectively. The
peaks located at 2916, 2849 and 1247 cm ' correspond to
SDS.” The 1612 ¢cm ™" peak is the H-O bending vibration of
inevitably adsorbed water.*® The green color change of the
solution was because of the yellow of small Cu,O particles,*"
and the blue of flocculent Cu(OH),. With an extension of the
reaction time, Cu(OH), was gradually consumed. When the
reaction time reached 1 min, the yellow color of Cu,O
particles dominated in the solution owing to the
disappearance of Cu(OH), (Fig. 2b and 3). As the reaction
time continued to increase, the particles continued to grow
and formed integral d-Cu,O, and the color of the solution
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Fig. 1 (a) Schematic diagram of particle size and morphology evolution of d-Cu,O with increasing reaction time synthesized at a specific
temperature. (b) Schematic diagram of particle size and morphology evolution of d-Cu,O with increasing synthesis temperature.

Fig. 2 SEM images of d-Cu,O nanoparticles synthesized using a 40 °C water bath with different reaction times: (a) 30 s, (b) 1 min, (c) 3 min, (d) 5
min, (e) 8 min, (f) 10 min, (g) 20 min, (h) 30 min and (i) 60 min. Scale bars = 500 nm.

also changed to orange (Fig. 2 and S17). After the reaction
time reached 60 min, a single peak at 611 cm™* in the FTIR
spectrum was present, which is close to the Cu,O single-
crystal peak at 610 cm™".>> The other peaks located at 3444,
3336 and 1612 cm™' were attributed to the H-O bending
vibration from adsorbed water.****** The relationship
between the size of d-Cu,O and the reaction time is shown in
Table S2t and Fig. 4a.
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Fig. 1b shows a schematic diagram of the temperature
dependence of morphology and size of d-Cu,O. As shown in
Fig. 5, the morphology and size of d-Cu,O change with
reaction temperature. As the reaction temperature increases,
the exposed {100} crystal plane gradually became smaller,
and finally a complete rhombic dodecahedron was formed at
37 °C (Fig. 5g), which may be due to the accelerated growth
of {100} crystal planes when the temperature was increased.*”

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 FTIR spectra of d-Cu,O obtained at different reaction times
using a 40 °C water bath.

At the same time, the average particle sizes of the products
gradually decreased as the temperature increased, indicating
that the nucleation process was affected by the reaction
temperature. According to classical nucleation theory,
nucleation is enhanced as temperature increases.” As the
temperature increases, the critical nucleus radius decreases,
while the number of nuclei increases, which may lead to a
smaller grain size. The corresponding average particle size at
each temperature is shown in Table S3.f Fig. 4b clearly
illustrates the relationship between particle size and
temperature. The colors of products obtained at different
temperatures are also different. d-Cu,O changes from brick
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red to yellow as the reaction temperature increases, as shown
in Fig. S2, which is mainly caused by the change of particle
size.

Purity analysis and electrochemical performance test

¢-Cu,0 (~150 nm) and 0-Cu,O (50-160 nm) were successfully
synthesized by different reaction systems (Fig. S37). Fig. 6
shows the XRD patterns of three as-prepared products and
that of the standard card of Cu,O (JCPDS No. 05-667). The
XRD patterns of d-Cu,O synthesized at different temperatures
are shown in Fig. S4.f The diffraction peaks at 29.57, 36.42,
42.31, 52.46, 61.38, 73.52 and 77.37° correspond to (110),
(111), (200), (211), (220), (311) and (222) planes of Cu,O,
verifying the successful synthesis of pure phase Cu,O with
three morphologies. All diffraction peaks are sharp,
indicating that the prepared products have high crystallinity.
The electrochemical performances of d-Cu,O, c-Cu,O and
0-Cu,O were evaluated as anode materials for lithium-ion
batteries. The discharge and charge curves measured at a
current density of 100 mA g™* are shown in Fig. S5.f The first
discharge capacities of d-Cu,O (synthesized at 31-40 °C), c-
Cu,0 and 0-Cu,O are 641.2, 715.5, 788.4, 813.5, 578.6, 642.4,
7371, 642.8, 612.5, 795.3, 545.8 and 657.4 mA h g,
respectively. Fig. 7a shows the rate and cycling performances
of all samples. The d-Cu,O samples synthesized at different
temperatures exhibit different rate performances. With an
increase of temperature, the capacity increases, while as the
temperature rises above 37 °C, the capacity decreases. It can
be clearly seen that d-Cu,O synthesized at 35 °C showed the
best rate cycling performance. Small-sized d-Cu,O often
displays higher capacity owing to larger surface area that can
provide more active sites for Li reaction. It is worth noting
that the morphology of the sample synthesized at 35 °C was
not complete rhombic dodecahedra, but polyhedra with a
small area of exposed {100} plane. Fig. 5g shows the complete
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Fig. 4 (a) Reaction time dependence of average particle size of d-Cu,O obtained at a synthesis temperature of 40 °C. (b) Reaction temperature

dependence of the average particle size of d-Cu,O after reaction of 1 h.
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Fig. 5 SEM images of d-Cu,O synthesized at different temperatures: (a) 31 °C, (b) 32 °C, (c) 33 °C, (d) 34 °C, (e) 35 °C, (f) 36 °C, (g) 37 °C, (h) 38
°C, (i) 39 °C, (j) 40 °C, (k) 45 °C, (I) 50 °C, (m) 55 °C and (n) 60 °C. Scale bars = 500 nm.

rhombohedral dodecahedra formed at 37 °C. The discharge
capacities of d-Cu,O (synthesized at 37 °C), ¢-Cu,O and o-
Cu,O are shown in Fig. 7b. It can be concluded that d-Cu,O
with exposed {110} crystal plane has the largest discharge
capacity, which is greater than that of c-Cu,O with exposed
{100} crystal plane, and that of 0-Cu,O with exposed {111}
crystal plane. Owing to c¢-Cu,O and 0-Cu,O having small sizes

7974 | CrystEngComm, 2021, 23, 7970-7977

(Fig. S3t), the particle size effect on lithium ion battery
performances between c-Cu,0, 0-Cu,O and d-Cu,O is not
prominent. But, the crystal plane effect is important for their
electrochemical performances.

After the cycling tests at a current density of 100 mA g™,
the discharge capacities of d-Cu,O, c-Cu,O and 0-Cu,O are
400.8, 415.2 and 350.3 mA h g, respectively. It is very

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 XRD patterns of (a) c-Cu,O, (b) o-Cu,O and (c) d-Cu,O
(synthesized at 40 °C). The XRD pattern of standard card of Cu,O
(JCPDS 5-667) is also shown.

interesting that the discharge capacities of d-Cu,O and c-
Cu,O samples are higher than the theoretical capacity. In
fact, this phenomenon occurs mainly because of phase
transition from Cu,O to CuO (ref. 14) (the theoretical capacity
of CuO is 674 mA h g™'), which can be confirmed from Cu
2ps/» XPS spectra (Fig. S61). The peaks detected at 932.2 and
933.6 eV for the cycled electrode material are related to Cu/
Cu,0 and CuO, respectively.***’

Studying the charge and discharge mechanism of Cu,O
electrode materials is of great significance. The CV curves of
d-Cu,O (reaction temperatures from 31 to 40 °C), c-Cu,O and
0-Cu,O were obtained at a scan rate of 0.2 mV s ' within the
potential range of 0.01 to 3.0 V (vs. Li'/Li), as shown in Fig.
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S7.f In the cathodic polarization of the 1st cycle, all the
samples exhibit two obvious reduction peaks at 1.5-1.0 V and
1.0-0.5 V, respectively, at a scan rate of 0.2 mV s . In the
oxidation polarization process of the 1st cycle, all the
samples exhibit two oxidation peaks at 0.7-1.7 V and 2.3-2.7
V. According to previous research, the electrochemical redox
reactions of Cu,O are as follows:*°

Cu,O + 2Li" + 2¢” — Li,O + 2Cu (4)
2Li,0 + 3Cu — Cu,O + 4Li + CuO (5)

Two pairs of redox peaks corresponded to eqn (4) and (5),
respectively. The peaks below 0.2 V can be ascribed to the
formation and decomposition of solid electrolyte
interface.*”*® In the cathodic polarization process of the 2nd
cycle, there are two reduction peaks in the range of 1.0-2.7 V.
The corresponding equations for the peaks of high voltage
and low voltage are eqn (6) and (7), respectively:

2Cu0 + 2Li" + 2e” — Cu,O + Li,O (6)
Cu,O + 2Li" + 2¢” — Li,O + 2Cu (7)

As shown in Fig. 8a-c, CV tests of d-Cu,O, c-Cu,O and o-
Cu,O were carried out at different scanning rates after
activation at 0.2 mV s™* for three cycles. The relationships
between In(current) and In(scan rate) of d-Cu,0, ¢-Cu,O and
0-Cu,O0 are shown in Fig. 8d. The slopes were calculated
using eqn (8):

I=a’ (8)
where I and v are current and scan rate, respectively. The

slopes of d-Cu,0, c-Cu,O and 0-Cu,O are 0.72, 0.94 and 0.82,
respectively. The results demonstrate the capacities of d-
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Fig. 7 (a) High rate cycling performance of d-Cu,O (reaction temperatures from 31 to 40 °C), c-Cu,0O and 0-Cu,O. (b) Discharge capacity of d-
Cu,0 (synthesized at 37 °C), c-Cu,0O and o-Cu,O with the current density ranging from 100 to 1000 mA g%,
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Fig. 8 CV curves of (a) d-Cu,O, (b) c-Cu,0, and (c) o-Cu,O measured at different scanning rates from 0.5 to 1 mV s™* after activation at 0.2 mV
s7* for three cycles. (d) Relationships between In(current) and In(scan rate) for d-Cu,0, c-Cu,0O and o-Cu,O (peaks of potential at 2.5-3 V).

Cu,0, c-Cu,O and 0-Cu,O are from both capacitive and
battery contributions. Those of 0-Cu,O and c-Cu,O are
mainly from capacitive contribution, while for d-Cu,O there
is a small contribution of capacitive capacity.

The Nyquist plots of d-Cu,O, c-Cu,O and o0-Cu,O were
measured in the frequency range of 107>-10° Hz. In general,
Ro and R correspond to the electrolyte resistance and
interface charge transfer resistance, respectively.’® From Fig.
S8, the values of Ro/R.. of d-Cu,O c-Cu,O and 0-Cu,O are
4.29/36.79, 4.89/44.35 and 5.23/51.44 Q, respectively. The
values of Ro/R.; of d-Cu,O are obviously less than those of c-
Cu,0 and 0-Cu,O. According to the rate and EIS results, d-
Cu,0 displayed better kinetic performance.

4. Conclusions

In conclusion, this work showed that the sizes and
morphologies of d-Cu,0O were a function of temperature.
Cu®" reduction reaction, phase transformation (Cu(OH), —
Cu,0) and nucleation-growth (d-Cu,O, c¢-Cu,O and 0-Cu,O)

7976 | CrystEngComm, 2021, 23, 7970-7977

occurred during the Cu,O crystallization. Increasing
temperature mainly affected the reduction reaction and
nucleation processes. Thus, more nuclei were formed at high
temperature leading to the Cu,O size decreasing from 1351
nm to 142 nm with solution temperature increasing from 31
to 60 °C. In most crystallization experiments, the size
increased to maximum value within a reaction time of about
200 s. It is important to subtly control the solution
temperature and reaction time for size control and size
uniformity. Serving as a lithium ion battery anode, d-Cu,O
with exposed {110} crystal plane has the largest discharge
capacity, which is greater than that of c-Cu,O with exposed
{100} crystal plane and o-Cu,O with exposed {111} crystal
plane. This work gives us an inspiration for optimizing the
temperature of the facile synthesis to obtain size uniformity
for large-scale industrial applications.
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