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Growth of Cuprite Nanocubes under Acidic Conditions

ZHU Hong-Fei CHEN Qian-Wang® NIU He-Lin PENG Zhen-Meng SUN Qian
(Structure Research Laboratory and Department of Materials Science & Engineering,
University of Science & Technology of China, Hefei 230026)

A novel hydrothermal approach was developed to prepare cuprite at 130 °C for 18 h under slightly acidic
conditions (pH: 4~6). The yielded particles are, about 100 nm in size, cubic in shape. It was found that di-
aminoethane and hexadecylamine acting as the buffering reagents for controlling the pH value and concentration
of free Cu* in the solution play a critical role to avoid Cu* being reduced to Cu. The band gap of the nanocubes
is about 2.51 eV, which is blue shifted 0.51 eV compared to that of the corresponding bulk material and 0.17 eV
compared to that of the nanowires of cuprite. The material could be a promising candidate in solar energy conver-

sion since the sample can make use of higher energy visible lights of solar spectrum. PACS: 71.35.Cec.
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0 Introduction Cu, tetrahedra and four octahedral holes between

hem?. The octahedral hole is sition of high po-
Cuprite (Cu0) and its related materials such as them e octahedral hole is a position of high po

. . L. tential energy, because it is surrounded by six 0% ions
CuAlO, have obtained much attention ", Cu,0 is sim- &Y, y

ple cubic lattice with 4 Cu and 2 O atoms in its cell. at distances of 0.21 and 0.30 nm, - where the tails of

th ingle zet del functi lay signifi-
The oxygen atoms form a tetrahedral diamond-like co- ¢ Oxygen sigle zela model TNCHONS overiay sightth

- . . cantly. The natural structure of cuprite makes it a
ordination structure and a Cu” ion occupies between

. . . . romising material for the conversion solar energy into
two neighboring O?~ ions to form common linear [O- P 8 &y
Cu-O]~ dumb-bell unit, while the Cu* ions form a

face-centered cubic lattice, every unit contains eight

other forms of energy such as electrical energy, chem-

ical energy and other kind of light ®. Recently Cu,0
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particles with different morphologies and applications
have been synthesized with various methods. For in-
stance, Cu,0 submicrospheres can be used as negative
electrode materials for lithium nanobatteris P, Cu,0
microcubes of high uniformity could be applied in the
field of solar energy conversion !,  Cu,0O nanowires
might have advantages in nanowire light emitting de-
vice with extreme low power consumption!”.

Cu,0 is a weakly alkaline covalent compound,
which can only exist in the alkaline or neutral atmo-
sphere. At present, common methods to prepare Cu,O
by reducing Cu®* to Cu* are under alkaline conditions
(pH=10~12),

cerned with N,H,®! sodium ascorbate®®, and so on. As

and the reduction agents mainly con-
a rule, Cu,0O is disproportionated into Cu and Cu**
ions in acidic atmosphere even a weak one immedi-
making it hardly exists in the acidic atmo-
Therefore, it is difficult to synthesize Cu,O

under acidic atmosphere directly. It could also be the

ately,
sphere.

main reason that there is no report on preparing it un-
der acidic atmosphere. In this paper, a novel strategy
was developed to prepare CuO in a solution with pH
varying from 4 to 6. The size of Cu,O nanocubes can

be decreased to 100 nm.
1 Experiment

All the chemical reagents used in this work were
analytical grade. Cu,0 nanocubes were synthesized by
0.12 g of Cu(Ac), was dis-
solved in 40 mL distilled water,
when Cu(Ac), dissolved completely, 0.07 mL of anhy-

the following procedure:

stirred for 5 min,

drous diaminoethane and 0.096 g of hexadecylamine
were added to the solution, stirred violently, 10 minute
later, the solution became turbid, 0.062 7 mL of 88%
HCOOH was added to the solution,

for 5 minutes, the solution became clear. The ultimate

continued to stir

pH value before the reaction was around 5. The solu-
tion was transferred into a Teflon cell,

130 C for 18 h.

about 7. Then yellow or brick red product was sepa-

and kept at
The pH value after reaction was
rated from the clear solution.  The products were
washed with distilled water for 3 times, and cen-
trifuged at 4 000 rpm for 30 minutes to remove hex-
adecylamine from the samples. XRD patterns were

carried out on an 18 kW advance X-ray difftractome-

ter with CuKa radiation (A=0.154 056 nm). Transmis-
sion electron microscope (TEM) analysis was taken on
a Hitachi H-800 microscope with a tungsten filament,
using an accelerating voltage of 200 kV. The ultravio-
let and visible light (UV-Vis) spectrum was obtained
via a JGNA Specord 200 PC UV-vis spectrophotome-

ter at room temperature.
2 Results and Discussion

From Fig.1, it is found that the formation of Cu,0O
occurs in the temperature range from 120 °C to 150
C, and 130 °C is the optimal temperature for the
preparation of pure Cu,0. With the increase of the
temperature, Cu®* tends to be reduced to copper. For
example, as the temperature increases from 130 °C to
140 °C, copper appears (Fig.1C); and as the tempera-
ture rises from 140 °C to 150 °C,
copper increases (Fig.1D), while the content of Cu,O

the content of the
decreases. When the temperature is lower than 120
°C, reactions will be reluctant to take place, however,
when the temperature is higher than 150 °C, the re-
duction agent HCOOH will decompose.

As shown in Fig.2, the relative intensity between

the peaks of (220) and (200) changes significantly as

intensity / a.u.

Fig.1 (A), (B), (C) and (D) are the XRD patterns of the
products obtained at different temperatures
These samples were prepared with fixed
concentration of Cu(Ac),: 0.015 mol-L7,
HCOOH: 0.062 7 mL,
H,NCH,CH,NH,: 0.001 75 mol-L7,
hexadecylamine: 0.015 mol - L.
Solid circle in (A) represents the peak can not be
identified, the stars in (C) represent the peaks of
elemental copper, the solid square in (D) indicates

a peak of cuprite.
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the amount of H,NCH,CH,NH, increases from 0.05 to
0.08 mL (pH value changes from 4 to 6), this intensity
variation is due to oriented growth of the particles un-
der high concentration of H,NCH,CH,NH,.

Fig.3 shows the amount of H,NCH,CH,NH, is out
of the range from 0.05 to 0.08 mL, impurity will sure-

ly appear.
H,NCH,CH,NH, in the reaction system plays an im-

Fig.2 and Fig.3 reveal the amount of

portant role on the formation of Cu,O. When the pH
value is in the range from 4 to 6 (the amount of
H,NCH,CH,NH, changes from 0.05 to 0.08 mL), pure
Cu,0 can be obtained at 130 °C; as the pH value is
(the amount of H,NCH,CH,NH, is less
than 0.05 mL), the reaction tends to generate copper;
while higher than 6 (the amount of H,NCH,CH,NH, is
more than 0.08 ml),
impurity phase. Further increase the pH value to 7 or

the reducing agent HCOOH will not take ef-

fect, and no product can be obtained.

lower than 4

the products contain complex

higher,
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Fig.2 (A), (B), (C) and (D) are the XRD patterns of products
obtained with fixed concentrations of Cu(Ac),: 0.015
mol - L', HCOOH: 0.062 7 mL., hexadecylamine:
0.015 mol - L™ at 130 °C and with different amounts of

H,NCH,CH,NH, added

intemsity / a.u.

HCOOH will

react according to Scheme 1, and the products are for-

At the first stage of the reaction,

mate [reaction (1), (2)]. The possibility for the forma-
tion of amides could be less due to the mild condition.
It is well known that hexadecylamine is insoluble in
aqueous solution due to its long alkyl. When HCOOH
was added to the aqueous solution, reaction (2) takes
place, so H,NC4H;, could dissolve rapidly in the water
with the presence of formate, even with the coexis-

tence of diaminoethane.
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(A), (B), (C) and (D) are the XRD patterns of the
products obtained at 130 °C with different amount
of H,NCH,CH,NH,
Solid square in (B) and star in (D) represent the
peaks can’t be identified. In (A) and (B) the pH
value is lower than 4 and in (D) the pH value is
higher than 6.
2HCOOH + H,NCH,CH,NH,

A HCOO™ + H;NCH,CH,N,COOH* 1)

HCOOH + H,NC,H;, — HCOO™ +H,NC,¢Hy " (2)
Scheme 1 Reactions of HCOOH in the system

Scheme 1 shows the reaction of HCOOH with di-

which is essential

Fig.3

aminoethane and hexadecylamine,
for controlling the concentration of HCOOH. Mean-
while HCOOH also takes the role as reducing agent
for the formation of Cu* [reaction (3)], and forms a me-
diate through reaction (4)°.

HCOOH + 2Cu* — 2Cu* + CO, + 2H* 3

Cu® + HCOOH — Cu(HCOO) + H* 4)

Scheme 2 Reduction of Cu* to Cu* by HCOOH

In the system, the well-known reaction (5) would
also take place.

NH,CH,CH,NH, + 2H,0

— H;NCH,CH,NH;* + 20H~ 5)

Scheme 3 Hydrolyzation of NH,CH,CH,NH,

Scheme 4 shows two possible approaches for the
formation of Cu,O. As we know that Cu,0O cannot exist
in the acidic atmosphere. Based on above discussion,
the following formation mechanism was suggested:
With reaction (3) and (4) going on, more and more
HCOOH was consumed to generate Cu(HCOOH) as a
mediate. Meanwhile, the pH value also increases, at
Cu,0

could be formed via reaction (6) under hydrothermal

the end of the reaction it can reach 7. Hence,

conditions. Cu,0 might not be produced through reac-
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Fig.4 (A) TEM images of Cu,0 obtained at 130 °C for 18h with the addition of 0.001 75 mol-L" diaminoethane and the

concentration of hexadecylamine is 0.015 mol - !
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The self-arranged nanocubes are connected by edges to form a chain structure as marked by line a. (B) Side view of

the edge-connected nanocubes. (C) One of typical nanocube with the width about 100 nm and its Electron diffraction

pattern (Inset). (D) The sketch map of the edge-to-edge connection of two cubes. The black solid circle represents the

copper atom and the empty circle represents the oxygen atom, respectively. (AB and A'B’ are the edges of two cubes).

tion (7) due to low concentration of Cu* in the solu-
tion.
8Cu(HCOO) + 0, = 2Cu,0 + 4Cu(HCOO),  (6)
2Cu* + 20H™ — Cu,0 + H,0 (7)
Scheme 4 Two routes for generating Cu,0
While, it is well known that HCOOH is a relative
strong reducing reagent compared to Cu?**, excessive
amount of HCOOH can lead to the formation of ele-
mental copper, and the reaction is as follows:
Cu* + HCOOH — Cu + CO, + 2H* (8)
Scheme 5 Subsidiary reaction of the system
However, as discussed above, when the pH value
is higher than 4, equation (8) might not take place.
The reaction of HCOOH with diaminoethane and hex-
adecylamine would also decrease the concentration of
HCOOH and pH value. Furthermore, Cu* could coor-
dinate with the N atom in the C,HyNH, and
H,NCH,CH,NH, molecules, therefore, the possibility of
reaction (8) may decrease significantly. As a result Cu®*
can be reduced mildly to Cu* through reaction (3). From
these discussions, it can be seen there are two functions
for diaminoethane: Controlling the pH value of the solu-
tion and acting as the buffering reagents for Cu**. Fig.
4A shows highly aligned nanocubes (indicated with
arrow a), the nanocubes tend to connect each other by
edges rather than by faces (Fig.4(A,B)). Fig.4C shows
a single nanocube with diameter about 100 nm. The

inset is the electronic diffraction pattern of the

nanocube, which was indexed by (111) and (200) of
Cu,0. The weak covalent bonds between cubes might
cause the connection of two nanocubes at the edges,
and the long alkyl chain of hexadecylamine could act
as the template for the nanocubes to assemble along a
line. As shown in Fig.4D, the extended dangling bonds
at the corner may adsorb each other to form [0-Cu-OJ~
dumb-bell unit, as they act in the microcosmic struc-
ture of cuprite lattice!', and then the two cubes self-
assembled together.

Fig.5 shows nanocuboids with a width around
100 nm, formed as the concentration of hexadecy-
lamine increased to 0.02 mol-L". From the compari-
son between Fig.5 and Fig.4(A,B), it is suggested that
hexadecylamine may also play the role on the oriented
growth of the particles; its long alkyl chain may act as
the template for the nanocubes to grow into
nanocuboids. Diaminoethane could also take two kinds
of roles in this system. The first one is as the buffer-
ing reagent, it holds the HCOOH at first not to let
HCOOH react with Cu®* completely, and reaction (8)
will not take place at certain concentrations of hex-
adecylamine and diaminoethane. The second one is as
the template for the oriented growth of the nanoparti-
cles.

These nanocubes are much smaller than the
hexagonal nanoparticles (700 nm) produced by Yajie

Dong.® Tn this work, the smaller size, higher unifor-
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Fig.5 Cu,0 nanocuboids prepared at 130 °C for 18 h with
the addition of 0.001 75 mol-L™ diaminoethane and
0.02 mol - L hexadecylamine
mity nanocubes of cuprite make it a more promising
candidate in conversion of solar energy than larger
particles, since it can make use high-energy visible
rays of solar spectrum.

Fig 6 shows Energy-o® curve of the as-prepared
sample, it is easy to obtain the absorption coefficient
o, about 0.67 cm™; and it is also easy to know from
point A that the sharpest optical absorption peak cor-
responds to the band gap transition at 2.51 eV. Com-
pared with the band gap (2.0 eV) of bulk Cu,0 and
other morphologies of Cu,0 (2.1~2.34 eV)!'*'""! the band

gap of the nanocubes shows a significant blue shift.

1.6

02 7 Y Y
2 3 4
energy / eV

Fig.6  Energy-o® curve obtained from the data get from a set
of UV-Vis spectrum (a)

Line b is the tangent of curve a. Line b intersects
with Energy axis at point A. The data at point A

represents the band gap of the Cu,O nanoparticle.

This kind of significant blue shift makes it possible
for Cu,0 to absorb the high-energy solar rays in the

range of visible spectrum.
3 Conclusions

Cu,0 nanocubes were successfully prepared un-
der acidic conditions. The optimal condition for syn-
thesizing pure Cu,0 is as follows: the pH value of the
solution is in the range of 4~6, temperature at 130 °C.
The nanocubes were 100 nm in average size, and con-
nected one by one through the edges of the cubes. It
was found the diaminoethane and hexadecylamine
serving as buffering agent for Cu?* is critical for the
formation of Cu,O rather than elemental Cu. The band
gap of the Cu,0 nanocubes blue shifts to 2.51 eV,
making it possible for this material to utilize higher
energy rays of solar visible spectrum in the field of

converting solar energy.
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