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Copper is an important component from coin metal to electronic wire, integrated circuit, 
and to lithium battery. Copper oxides, mainly including Cu2O and CuO, are important 
semiconductors for the wide applications in solar cell, catalysis, lithium-ion battery, and sensor. 
Due to their low cost, low toxicity, and easy synthesis, copper oxides have received much 
research interest in recent year. Herein, we review the crystallization of copper oxides by 
designing various chemical reaction routes, for example, the synthesis of Cu2O by reduction 
route, the oxidation of copper to Cu2O or CuO, the chemical transformation of Cu2O to 
CuO, the chemical precipitation of CuO. In the designed reaction system, ligands, pH, 
inorganic ions, temperature were used to control both chemical reactions and the crystallization 
processes, which finally determined the phases, morphologies and sizes of copper oxides. 
Furthermore, copper oxides with different structures as electrode materials for lithium-ion 
batteries were also reviewed. This review presents a simple route to study the reaction- 
crystallization-performance relationship of Cu-based materials, which can be extended to other 
inorganic oxides. 
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I. Introduction

Copper is one of the most important nonferrous 

materials and widely used in integrated circuit, pipe, 

wire, etc [1-3]. Copper oxide materials such as cupr-

ous oxide (Cu2O) and cupric oxide (CuO), have been 

widely applied to various fields such as catalysis, so-

lar cells, and lithium-ion batteries [4-6]. Some typi-

cal applications of Cu2O are summarized in Table 1, 

which shows the long research history of Cu2O 

[1,7-15]. Their compositions, structures and proper-

ties have been intensively investigated by many re-

searchers [16-18]. Copper mainly have three oxida-

tion states, 0, +1, +2, and they have different redox 

potentials as shown in Fig. 1(a), from which we can 

selectively obtained metal (Cu) and simple oxides 

(Cu2O and CuO) based on the redox potentials of Cu, 

Cu+, Cu2+. In addition, it should be noted the crystal 

structures of Cu, CuO, and Cu2O,  , a=3.615 Å 
for Cu and  , a=4.267 Å for Cu2O, monoclinic 

structure (C2/c) for CuO, which can favor the syn-

thesis of copper oxides [Fig. 1(b)] [1,3].

However, the understanding of relationship be-

tween chemical reactions and crystallization is 

difficult. Systematic studies of the specific effects of 

all reaction components on crystal growth and their 
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Table 1. Some typical applications of Cu2O with different properties. Data from Ref [1]. 

Year Properties and Applications Author Ref. 

1920s Cu2O rectifier used for radio detector L. Grondahl 7

1930s Photovoltaic property and solar cell B. Lange 7

1933 Optical properties and submarine photometry W. Atkins 8

1990s Good example for studying Bose-Einstein condensation (BEC) of excitons D. Snoke 9

1994 Catalyst of CO oxidation G. Somorjai 10

1998 Photocatalytic decomposition of water under visible light irradiation M. Hara 11

2000 Electrode material for lithium-ion battery P. Poizot 12

2006 Gas sensor for gas oil, NO2, ethanol Y. Li et al. 13

2009 Optical property and 3D photonic crystals M. Miyake 14

2010 Crystal facet-dependent electrical behavior M. Huang 15

Figure 1. (a) Redox potentials between Cu, Cu+, and 
Cu2+. (b). Crystal structures of Cu2O, CuO, 
and Cu: the fcc structure of Cu, the cubic 
structure of Cu2O and the monoclinic struc-
ture of CuO.

Figure 2. Schematics of the influence of two practical
reaction conditions on the reproducibility of
one reaction. The two reaction conditions 
are at the edge and the center of appropriate
reaction

chemical fate during the synthesis process is a good 

way to understand their relationship [19-23]. Here, 

we review our work about the chemical reactions and 

crystallization of copper oxides. In addition, system-

atic studies the roles of all reaction components can 

help to determine appropriate reaction window that 

can improve the reproducibility of one reaction and 

minimize the negative effects of small interferences 

on the quality and yield of the products (Fig. 2), 

which can favor the studying reaction-crystallization 

relationship [24].

In this review, we review different chemical re-

action routes, including reduction, oxidation, and 

chemical transformation, precipitation, to crystallize 

copper oxides with different phases, structures, and 

sizes. The synthesis of Cu2O by reduction route, the 

oxidation of copper to Cu2O or CuO, chemical trans-

formation of Cu2O to CuO, and chemical precipitation 

of CuO were provided to prove the chemical re-

action-crystallization relationship. Inorganic ions, 

ligand, pH, and temperature were identified to con-

trol the chemical reactions and crystallization proc-

ess, and finally adjusted the phases, morphologies 

and sizes of copper oxides. Finally, the electro-

chemical performances of as-obtained Cu2O and CuO 

as lithium-ion battery abodes were also reviewed. 
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Table 2. Various shapes and sizes of Cu2O with different reducing agents and synthesis methods. Data from Ref. [1].

Reductant Shape Size Reaction condition Solvent Additive

Glucose Polyhedron

Nanocage, nanoframe

50-facet polyhedron

Nano-, micro-size

Nano-size

Micro-size

Alkaline, ＜100oC

Alkaline, ＜100oC

Alkaline, ＜100oC

Water

Water

Water, ethanol

PVP

PVP

No

Ascorbic acid

Cube

Multishelled hollow spheres

∼200-450 nm

∼100-120 nm, 150-180 nm, 

∼210-240 nm for single-, 

double-, triple-shell

55oC, NaOH

Solution 60oC, NaOH

Water

Water

CTAB

CTAB

NH2OH⋅HCl Truncated rhombic dodecahedral

Nanocages and nanoframes

∼300-350 nm for nanoframe, 

∼350-400 nm for nanocages
Room temperature, NaOH Water SDS

Au-Cu2O core-shell heterostru-

ctures, cuboctahedra, truncated 

stellated icosahedra, pentagonal 

prism, concave plate

∼200 nm Room temperature, NaOH Water SDS

N2H4 Solid sphere

Hollow sphere

Nanowire

∼130-135 nm

∼550 nm

8 nm×(1020) μm

Room temperature, NaOH

Room temperature

Room temperature, NaOH

2-propanol

Water

Water

PVP

No

PEG

EDTA

Formic acid

Multi-pod

Multi-pod

Polyhedron 

Micrometer

Micrometer

Micrometer

Hydrothermal, 130oC-150oC

Solvothermal, 150-220oC

Solvothermal, 145oC

Water

Ethanol/water

Ethanol/water

No

No

NH3

DMF Hollow sphere

Hollow cube

∼100-200 nm

∼200 nm

Solvothermal, 140-180oC

Solvothermal, 150-210oC

DMF

DMF/water

No

NaNO3

n-hexadecylamine Cube, rhombic dodecahedron ∼10 nm, ∼20-70 nm Solvothermal, 160-220oC HDA HDA

NaBH4 Sphere 200 nm Solution 80-90oC DMF PVP

Glutamic acid Hierarchical multishell hollow 

sphere

10 μm Solvothermal, 160oC Ethanol No

1,5-pentanediol (PD) Cube ∼53 nm 240oC PD PVP

Salicylaldehyde Comb-like nanorod structure 600 nm for nanorod Solvothermal, 200oC Water/toluene No

Glycine Cube, octahedron,multipod Micrometer Solvothermal, 140oC Ethanol/water No

Ethylene glycol (EG) Cube, sphere ∼410 nm, ∼360 nm 140oC EG PVP, Cl-

Acetic acid Polyhedron, 6-pod, sphere Micrometer Hydrothermal, 180-200oC Water No

II. Reduction Reaction Route: Cu2+→Cu2O

The typical route for solution-phase synthesis of 

Cu2O nanoparticles is the simple reduction of copper 

(II) salts using reducer or electricity [25-28]. As a 

practical matter, the redox potentials can deviate 

from standard electrode potential due to the effect of 

pH, temperature, formation of complex or precip-

itation, etc. Various shapes and sizes of Cu2O with 

different reducing agents and synthesis methods are 

shown in Table 2 [1]. 

1. pH-assisted crystallization of Cu2O

The chemical reaction-controlled crystallization of 

Cu2O with systematic shape evolution from nano-

wires, through nanoparticle-aggregated spheres and 

octahedra to truncated octahedra and cuboctahedra, 

have been proved by a two-step “precursor for-

mation-crystallization” process (Fig. 3 and 4) [16]. 

The shape, size, and composition variation were 

mostly determined by the pH-dependent precursor 

species, Cu2(OH)3NO3, Cu(OH)2 and Cu(OH)4
2- as fol-

lowing reactions (Fig. 3).
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Figure 3. General overview of the versatile crystal-
lization of Cu2O polymorphism. Cu2O mor-
phologies can be controlled by the pH-de-
pendent precursor formation routes. Ref. 
[16] Reproduced by permission of The Royal
Society of Chemistry. 

 

Figure 4. SEM images of different Cu2O morphologies
obtained with adding different concen-
trations of NaOH (indicated in the graphs). 
Scale bars: (a, b) 500 nm, (c-o) 1 mm, insets
in (d-o) are 200 nm. Ref. [16] Reproduced 
by permission of The Royal Society of 
Chemistry.

Cu2+ + 2OH- → Cu(OH)2 ↓                      (1)

Cu(OH)2 + 2OH- → Cu(OH)4
2-                    (2)

2Cu2+ + 3OH- + NO3
- → Cu2(OH)3NO3 ↓         (3)

The addition of specific amounts of OH- to the sol-

ution is the key to adjusting the reduction and com-

plexation reactions that control the crystallization of 

Cu2O. SEM observations (Fig. 4) clearly demonstrate 

the delicate geometry control that was achieved by 

simply adjusting the amount of added NaOH, such as 

nanowires, nanoparticle-aggregated spherical and 

octahedron-like nanostructures, and various trun-

cated octahedrons with the smooth {111} and {100} 

surfaces. Cu2O or Cu can be selectively crystallized 

under alkaline or acidic conditions due to the pH-de-

pendence of the reduction reaction. The size of trun-

cated octahedra first increases then decreases with 

increasing pH owing to the competition between the 

complexation and redox reactions. The control of 

pH-dependent chemical reactions is an effective way 

to adjust the crystallization of oxides.

In Cu(NO3)2-citrate-H2O system, the composition 

of products depends on the OH-/Cu2+ ratios. The con-

centrated alkaline conditions favor the growth of CuO 

nanocrystals. The pH also changes the chemical re-

action during the crystallization processes. The change 

of pH upon the NaOH/Cu2+ ratios also reflects the re-

action transformation. Because the complexation 

constants of Cu(OH)4
2- (logK=18.5) or Cu(OH)2 (logK= 

13.68) are higher than that of [Cu2(cit)2]
2- (logK= 

13.2), the transformation of Cu(OH)4
2- or Cu(OH)2 in-

to CuO is favored under concentrated alkaline con-

ditions (Fig. 5) [29]. At high pH, CuO were first 

formed, then transformed to Cu2O due to the high re-

ducing ability of citrate. 
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Figure 5. Left: pH variation upon the addition of NaOH
in the precursor solution. Right: The domi-
nant chemical reactions occurred in phases
(I) and (II) indicated in left figure. Ref [18] 
Reproduced by permission of American 
Scientific Publishers.

Figure 6. Schematic illustration of the crystallization
processes of Cu2O spherical aggregations
and octahedra. The growth route and final 
crystallized morphologies can be controlled
by chemoaffinity-induced chemical reac-
tions. 

 

Figure 7. SEM images of Cu2O obtained at different 
synthesis conditions: without (a1-d1) and 
with adding NaOH (a2-d2), and with differ-
ent copper salts as precursors, CuSO4 (a), 
Cu(NO3)2 (b), CuAc2 (c), CuCl2 (d). Scale 
bars of insets are 100 nm. Ref. [17] Repro-
duced by permission of The Royal Society of
Chemistry.

2. Inorganic-ion-controlled chemical reactions 

In the crystallization of metal and oxide nano-

materials, a wide variety of chemical species, includ-

ing polymers, biomolecules, and anions or metal ions, 

were used to control their morphologies and sizes, 

which based on preferentially adsorb certain species 

on specific crystal surfaces and inhibit the growth of 

individual surfaces. We present a chemoaffinity- 

mediated crystallization strategy to fabricate Cu2O 

with different morphologies [17]. The chemical re-

action routes were finely-designed by including im-

portant anions such as OH-, SO4
2-, NO3

-, Ac-, and Cl- 

in the redox system of N2H4 and Cu2+ as following: 

Cu2+ + 2OH- → Cu(OH)2                         (4)

NO3
- + 2H+ + 2e- → NO2

- + H2O E0=0.94 eV    (5)

Ac- + H2O → HAc + OH-; Cu2+-Ac- complex     (6)

4Cu2++ N2H4 + 4Cl- → 4CuCl + N2 + 4H+        (7)

With different affinity abilities of the anions in 

terms of hard-soft acid-base theory, two growth 

mechanisms were evidenced, which can lead to the 

crystallization of spherical aggregations and octahe-

dra, respectively (Fig. 6 and 7). The crystallization of 
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Figure 8. Electrochemical perforamnces of Cu2O lith-
ium-ion battery anodes. (a) Voltage profiles
and (b) cycling retention of Cu2O spherical 
aggregations and octahedra measured at a 
rate of 100 mA/g. Insets of (b) show the SEM
images of spherical aggregation and octa-
hedron. Ref. [17] Reproduced by permission
of The Royal Society of Chemistry.

Figure 9. SEM images of the shape transformation of 
Cu2O crystals from 6-pod branching shapes 
to octahedra, to {110} truncated octahedra 
and finally to rhombic dodecahedra with in-
creasing the concentration of NaCl (d). The
SEM images with corresponding broad views
of (d) are shown in (a-c, e, f). (g) XRD pat-
terns of Cu2O crystals with different shapes:
6-pod branch structures (1) and octahedra 
(2). Scale bar: (a, b, f) 5 μm, (c, e) 10 μm,
(d) 1 μm. Ref [21] Reproduced by permission 
of American Scientific Publishers.

Cu2O octahedra occurred in the presence of OH-, 

which is independent of anions, due to the higher 

chemoaffinity of OH- with Cu2+. Without adding ad-

ditional OH-, anions such as SO4
2-, NO3

-, Ac-, and 

Cl- can induce diverse chemical reactions to effec-

tively control the growth of Cu2O spherical aggrega-

tions. 

Electrochemical measurements indicated that Cu2O 

octahedra can show better cyclability than that of 

spherical aggregations (Fig. 8). Cu2O octahedra have 

integrated single crystal structure compared to the 

spherical aggregation consisting of small crystal par-

ticles. Spherical aggregations including many nano-

particles were easily destroyed after several charge/ 

discharge cycles, due to the absent of confine effect 

of bulk crystal structure [30-32]. 

Surface-controlled growth of polyhedral nano-

crystals with exposing different surfaces has been 

widely studied due to their surface-dependent chem-

ical, physical, and catalytic properties. Cu2O with 

6-pod branching structure, octahedron, and {110} 

truncated octahedron, rhombic dodecahedron, 26-facet 

polyhedron, have been synthesized by an alkaline hy-

drothermal method with the addition of Cl- (Fig. 9) 

[21]. Cl- can determine the formation of branching or 

polyhedral crystals and alter the relative growth rate 

of various crystallographic planes to shape Cu2O. 

{110} facets are favored at relatively high chloride 

concentrations, while {111} facets are favored at me-

dium Cl- concentrations. The results illustrate the 
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Figure 10. (a) Low-magnification, (b) partially enlar-
ged, and (c) high-magnification SEM im-
ages, and (d) powder XRD pattern of the 
as-grown Cu2O rod-based superstructures.
Asterisks (*) indicate the metal Cu. Ref [26]
Reproduced by permission of American 
Scientific Publishers.

Figure 11. Schematic illustration of the synthesis pro-
cess of Cu2O nanocrystals (a), and molec-
ular structures of different ligands (b, d). 
(c), (e) SEM images show the obtained Cu2O
morphologies by using corresponding li-
gands in reaction solution. Scale bar: (c) 
200 nm, (e) 500 nm. Ref [23] Reproduced
by permission of American Scientific Pu-
blishers.

power of inorganic species to achieve nanoscale en-

gineering of Cu2O surfaces [33,34]. 

Novel 1D Cu2O 6-pod superstructures were suc-

cessfully synthesized via low temperature hydro-

thermal route [26]. The architectures of these Cu2O 

superstructures include ordered and highly aligned 

Cu2O rods within the 6-pod outlines (Fig. 10), where 

the length of rods can be adjusted by the concen-

tration of Na2HPO4. The growth of 6-pod super-

structures is controlled by diffusion-limited growth 

and chemical reactions. The concentration of Na2HPO4 

aqueous solution played a crucial role in the for-

mation of Cu2O superstructures, because it serves as 

buffer solution and adjusts the reduction reaction 

between glucose and Cu(II). The superstructures with 

longer rod show better cyclic performances. The hi-

erarchical structures with long rod building units, 

can provide suitable electrode/electrolyte contact 

area and accommodate the volume change associated 

with lithium ion insertion and extraction. 

3. Ligand-controlled chemical reactions

Additives usually perform multiple roles in a crys-

tallization process, which start with the complexation 

of ions, generate the local ion enrichment, and de-

crease the supersaturation of solutions. Ligands can 

be used to control the supply rate of Cu2+ ions. 

Through the competition between complexation and 

precipitates (formation of Cu(OH)2 in solution), dif-

ferent complexing agents can achieve different supply 

rates and thus the size and morphology of nano-

crystals can be modulated. Carboxyl ligands favor the 

formation of Cu2O nanocrystals with cubic shapes, 
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Figure 12. (a, b) Projections of Cu2O lattice along the 
[111] and [100] directions. Red sphere and 
turquoise sphere represent O and Cu atoms,
respectively. (c) Schematic illustration of 
the shape evolution with increasing the 
concentration of DEA. SEM images of Cu2O
crystals prepared with adding different 
amount of DEA: (d) 1 ml; (e) 1.6 ml; (g) 3 ml.
The insets of (d), (e) and (g) are the corre-
sponding enlarged views of individual
crystals, scale bar = 2 μm. (f) XRD pattern
of the Cu2O crystals synthesized in 1 ml of 
DEA-assisted reaction system at 180oC for 
2 h. Ref [22] Reproduced by permission of
American Scientific Publishers.

while amino ligands favor the synthesis of sphere and 

octahedron (Fig. 11) [23]. The complexes with differ-

ent ligands have different stability constants, and 

coordination numbers. When Cu2+ ion forms complex 

with ligand, the reducing potential and the reduction 

rate of Cu2+, and the supersaturation of solutions 

decreased. The complex can prevent reducing agent 

from contact with Cu2+ and inhibit the redox reaction 

because the complexes have different charge and 

conformation. The space structure of complexes also 

influences the reduction ability and the nucleation 

and growth rate by similar mechanism. In addition, 

the small molecule ligands have weak inhibiting abil-

ity upon the growth of nanocrystals compared with 

surfactant. Owing to the decrease of the nucleation 

and growth rate of Cu2O crystal, less amount of nu-

clei were formed with high concentration of ligands, 

which also favor the formation of large size of 

nanocubes. 

A diethanolamine (DEA) reduction strategy has 

been successfully developed to synthesize Cu2O crys-

tals with various shapes in an aqueous/aqueous- 

ethanol mixed solution system [22]. Nearly mono-

dispersed octahedral, truncated octahedral, and cubic 

crystals can be directly obtained by adjusting the 

amount of DEA and ethanol added to the designed re-

action solution of copper nitrate and deionized water. 

DEA serves as both chelating reagent and reductant, 

which is greatly different from the previous com-

monly used reductants for the preparation of Cu2O 

materials. 

III. Oxidation Reaction Route: 

Cu→Cu2O, Cu2O→CuO

1. Vapor-phase oxidation 

Thermal oxidation is a widely used method for the 

fabrication of good quality Cu2O for solar cell appli-

cation. As for the synthesis of Cu2O nanomaterials, 

oxidation of bulk Cu can be regarded as one top- down 

method relative to Cu(II) ions reduction (bottom-up 

method). A facile vapor-phase strategy for the crys-

tallization of copper oxide on Cu foil substrate in air 

were designed, and fabricate the integrated CuxO-Cu 

electrodes with CuxO readily on the Cu foil current 

collector, without using conductive carbon and binder 

[3].

When Cu foil is heated in air, both Cu2O and CuO 

can be formed. In many case, the major product is 

Cu2O, and CuO is formed slowly only through a sec-

ond step of oxidation [3]. The reactions involved in 

the entire synthesis can be summarized as the fol-

lowing: 
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Figure 13. (a) Schematic illustration shows the growth 
mechanism of copper oxides on metal cop-
per foil. (b) Comparison of the fcc structure 
of Cu, the cubic structure of Cu2O and the 
monoclinic structure of CuO. In the trans-
formation from Cu to Cu2O, oxygen atoms 
have to reside in the tetrahedral sites of fcc 
Cu to form the Cu2O structure. 

Figure 14. XRD patterns and SEM images of the sam-
ples synthesized at different temperatures 
and reaction times (indicated in the 
graphs). (a) Samples included both oxide 
layer and copper substrates. (c) Samples 
were only the oxide layer separated from 
the Cu foil. (b and d) Cross-sectional SEM
images show the Cu2O and CuO layers. Ref.
[3] Reproduced by permission of The Royal
Society of Chemistry.

4Cu + O2 → 2Cu2O                               (8)

2Cu2O + O2 → 4CuO                             (9)

Fig. 13(a) shows the oxidation processes of Cu foil 

heated in air. In the whole temperature range from 

200 to 800oC, Cu2O is the dominant product of the 

as-oxidized Cu, and CuO is grown on the surface of 

the Cu2O layer. The phase composition and thickness 

of oxidation products can be controlled by the re-

action temperature and time. Cu/Cu2O/CuO tri-layer 

structure of the oxidized products validates the oxi-

dation route from Cu to Cu2O, and finally to CuO. 

Both thermodynamic data and crystallography of the 

as-oxidized Cu products indicate that the Cu/Cu2O/ 

CuO tri-layered structures can be conveniently fab-

ricated according to the oxidation sequence Cu-Cu2O- 

CuO (Fig. 14).

The integrated CuxO-Cu electrodes can show better 

cycling stability and higher capability than those 

CuxO-C blend electrodes (Fig. 15). CuxO/Cu thin film 

synthesized at 300oC can show better cycling stability 

than that synthesized at 200oC, while the capacity of 

CuxO/Cu thin film synthesized at 200oC is higher. 

High temperature favors the growth of thicker oxide 

layers. Therefore, the electrochemical performances 

of these copper oxide films are strongly dependent on 

their film thickness. During the charging process, 

when the Cu substrate acted as electron drain, the 

inner oxide layers were the first ones undergoing ox-

idation and the subsequent electron conduction from 

the outermost region was limited by the Cu-CuxO 

conversion.

2. Solution-phase oxidation 

Cu2O polyhedra on Cu foils have been crystallized 

by the room-temperature liquid phase oxidation re-

action with the assistance of Cl- (Fig. 16) [25]. 

Rhombic dodecahedra with {110} surfaces, octahedra, 

and {110} truncated octahedron were formed with Cl- 
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Figure 15. Electrochemical properties of the CuxO-Cu
thin film electrode and the CuxO-C blend 
electrode. (a) Voltage profiles of the CuxO-
Cu thin film electrode. (b) Voltage profiles 
of the CuxO-C blend electrode. (c) The ini-
tial discharge-charge curves and (d) cy-
cling performances of the electrodes made
of copper oxide at a rate of 100 mA/g. Ref. 
[3] Reproduced by permission of The Royal
Society of Chemistry.

Figure 16. General overview of the crystallization of 
Cu2O by oxidation of metal copper foil in Cl-

aqueous solution. 

 a 

b 

Figure 17. (a) Schematic drawing of the chemical 
transformation from Cu2O to CuO by chem-
ical transformation. (b) Schematic illus-
tration of the synthesis of CuO nanocrystals
by liand-controlled reaction route in aque-
ous solution.

as facet-selective adsorption agent. 

The dissolution of the copper metal is more likely 

to occur through the formation of cuprous chloride 

species and subsequent oxide formation: 

Cu + 2Cl- ↔ CuCl2,ads
- + e-                     (10)

2CuCl2,ads
- + H2O ↔ Cu2Oads + 2H+ + 4Cl-       (11)

And an oxygen reduction reaction balanced the 

dissolution of copper. 

O2 + 2H+ + 2e- ↔ H2O2                         (12)

The results proved that aqueous Cl- species are 

predominant agents to promote the oxidation reaction 

of Cu by the formation of cuprous chloride species. In 

addition, high concentration of Cl- selectively in-

hibits the growth of {110} facets that favor the for-

mation of rhombic dodecahedron. The similar high- 

symmetry cubic crystal structure of Cu and Cu2O is 

the driving force for the spontaneous growth of Cu2O 

from Cu. The use of copper-corrosion reaction to 

shape-controlled growth of Cu2O represents a novel 

route to enrich toolbox for the crystallization of Cu2O. 

3. Chemical transformation of Cu2O to CuO

　　We designed chemical conversion strategy to 

synthesize CuO by the transformation of Cu2O in va-

por-solid-phase reaction [Fig. 17(a)] [35]. CuO hol-

low spheres were synthesized with using small sizes 

of Cu2O solid spheres. With using Cu2O spheres, oc-
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tahedral and cubes as precursors, CuO can be ob-

tained and retain initial Cu2O morphology. Although 

the phase transformation from Cu2O to CuO is ther-

modynamically favorable, the sizes and morphologies 

of Cu2O can affect the final products during the con-

version reaction [36,37]. The chemical conversion can 

be controlled by the temperature and the initial sizes 

and shapes of Cu2O. CuO electrode materials with 

∼500 nm spherical structures show better cycling 

stability and its capacity is ∼150 mAh g-1 after 50 

discharge/charge cycles, while that of CuO octahedra 

and cubes is only about 50 mAh g-1. The present re-

sults prove that the chemical conversion strategy is 

an effect way to study the electrochemical perform-

ance-morphology correlation of oxide materials. 

IV. Chemical Precipitation Route: 

Cu2+→CuO 

Fig. 17(b) illustrates the synthesis process of CuO 

nanocrystals. The crystallization of CuO can be ach-

ieved by heating the solution of copper salt (Cu2+) and 

alkali (OH-) [28]. It is reported that the Cu(OH)2 was 

easily dehydrated to formation of CuO in water when 

the temperature was higher than 70oC [38]. To control 

the crystallization of CuO, the supersaturation of 

CuO can be adjusted by controlling the binding of 

Cu2+ and OH-, which can be achieved by adding ligand 

to disturb the precipitate reaction. The Cu(II)-ligand 

solution was firstly formed by adding ligand molec-

ular, then NaOH was added into above solution to in-

duce precipitate reaction. After heating the reaction 

solution, the crystallization of CuO was occurred 

slowly due to the competition between complexation 

and precipitate reactions [Fig. 17(b)]. The morphol-

ogy-controlled crystallization of CuO is achieved by 

the introduction of complexation reactions with li-

gand molecules, which counterbalance the precipitate 

reactions of the formation of CuO. The competition 

between complexation and precipitate reactions mod-

ulates the supersaturation and growth rate of CuO 

nanocrystals, which finally control the crystallization 

morphologies of CuO. The present results proved that 

chemical reactions can play important role on the 

crystallization of inorganic materials in solution sys-

tem [39-41]. 

V. Summary

In summary, we reviewed the crystallizations of 

copper oxides with different morphologies by design-

ing various chemical reaction routes, such as the re-

duction routes to crystallize Cu2O, the oxidation of 

copper to Cu2O and CuO, the chemical transformation 

of Cu2O to CuO, the chemical precipitation of CuO. In 

the designed reaction system, ligand, pH, inorganic 

ions, and reaction temperature were used to control 

the chemical reactions and the crystallization proc-

esses, and finally it can adjust the phases, morpholo-

gies and sizes of Cu2O and CuO. The electrochemical 

performances of as-obtained Cu2O and CuO were 

evaluated as lithium-ion battery abodes. The elec-

trochemical measurement results proved that Cu2O 

and CuO materials showed significant morphol-

ogy-dependent electrochemical performances. This 

review presents a simple route to study the re-

action-crystallization-performance relationship of 

Cu-based materials, which can be extended to other 

inorganic oxides. 
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