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Novel CuO straw sheaves formed by splitting growth show an improved photodegradation activity

of RhB.
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Splitting growth of novel CuO straw sheaves and the improved
photocatalytic activity by active {110} facets exposed and crystallinity
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In this paper, the novel straw sheaf-like CuO single crystals have been, for the first time, prepared through a facile two-step process:
hydrothermal and subsequent calcination. We have mainly investigated the influences of the copper (II) concentration, the added amount
of hexamethylenetetramine (HMT), reaction temperature and time on the samples. The samples are characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM) and nitrogen sorption

10 isotherms. The results show that the formed CuO straw sheaves are fairly uniform, and the single straw grows preferentially along the
[001] orientation. It is proposed that the CuO straw sheaves form by crystal splitting growth. Furthermore, under visible-light irradiation,
the CuO straw sheaves exhibit 5.3 times as high as the irregular sample for the degradation of rhodamine B (RhB), which has been
ascribed to the exposed {110} facets and high crystallinity.

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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1. Introduction

Over the recent years, various nanostructures from one-
dimensional (1D) to three-dimensional (3D) hierarchical
architectures [ have been intensively studied due to their
potential applications in light-emission/detection, field emission,
biomedical devices, gas sensors, battery electrodes, and so on. To
date, incredible efforts have been made to develop new methods
to fabricate new hierarchical architectures [*7). However, it is still
a big challenge to develop a facile, environmentally friendly,
low-cost method for the synthesis of highly-uniform hierarchical
micro/nanostructures without using any catalysts and surfactants.

Copper Oxide (CuO), as a p-type semiconductor with a narrow
band gap of 1.2 eV has been widely applied in photocatalysts *
101, gas sensors 11 cathode materials 114
by the preeminent properties and wide applications of CuO
nanomaterials, various CuO nanostructures including cubes ts.161,
polyhedrons '8 0920 prisms P2 and rods 329
nanofibers 7, nanoribbons **! have been prepared. In
particular, 2D and 3D CuO nanostructures have attracted
significant interest of material scientists’ due to the fascinating
physicochemical properties. Herein, novel CuO straw sheaves are,
for the first time, prepared without employing any surfactants or
catalysts. The straw sheaves form via an interesting crystal
splitting mechanism, which is similar to that of mineral crystals
in nature. It is found that the straw grows preferentially along the
[001] direction. Moreover, these CuO straw sheaves exhibit a
high photocatalytic activity for rhodamine B (RhB) under visible-
light irradiation.

, and so on. Fascinated

, wires

2. Experiment section
2.1 Chemicals and materials

All chemicals, copper sulfate (CuSO,), sodium hydroxide
(NaOH) and hexamethylenetetramine (HMT), were analytical
reagent and used as received without further purification.

2.2 Preparation of the samples

Preparation of CuO straw sheaves. Typically, 20 mL of 0.5SM
NaOH solution was added into 20 mL of 0.785 M CuSOyq4
(15.7mmole) solution under stirring. Subsequently, 50 mmol of
HMT was added to the above mixture. After stirring 10 minutes,
the mixture was transferred into a Teflon-lined stainless steel
autoclave and maintained at 120 °C for 24 h. After the autoclave
was cooled to room temperature naturally, the light green product
was harvested by centrifugation, washed with deionized water for
several times, and dried at 60 °C for 6 h. Finally, the dried
powders were calcined at 500 °C for 1 h in a muffle.

Preparation of irregular CuO. Typically, 40 mL of 0.5 M
NaOH was directly added into 20 mL of 0.785 M CuSOy4 solution
under stirring and a blue precipitate was produced immediately.
Subsequently, the above mixture was transferred into a 60-mL
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Teflon-lined stainless steel autoclave and then maintained at 120
°C for 20 h. The product was obtained using the similar procedure
as above.After the autoclave was cooled to room temperature
naturally. The black product was harvested by centrifugation,
washed with deionized water several times, and then dried in air
at 60 °C for 6 h.

2.3 Characterization

The size and morphology of the sample were examined by a
scanning electron microscopy (SEM, Hitachi SU1510), and a
high-resolution transmission electron microscopy (HRTEM,
JEOL-2010) equipped with selected area electron diffraction
(SAED). The crystal phase and crystallinity of the sample were
characterized by a X-ray diffraction (XRD, BRUKER DS8) using
Cu K, radiation (A= 0.154 nm) in the range of 10-80°. The
surface area of the sample was measured by using N, physico
adsorption isotherm on a Micrometrics Tristar II 3020; and the
UV-vis diffusion reflection spectrum was performed on
Spectrumlab 722sp spectrophotometer at room temperature.
Nitrogen adsorption-desorption isotherms were performed at 77
K on the Autosorb-iQ physicoadsorption apparatus
(Quantachrome). Super cells of CuO crystals by Material Studios
sofwares.

2.4 Photocatalytic activity measurements

The photocatalytic activities of the samples were evaluated by the
degradation of RhB dye under visible light (A > 420nm), using a
500 W Xe arc lamp (CEL-HXF 300) equipped with an ultraviolet
cutoff filter as a light source. The reaction system was placed in a
sealed black box with the top opened, and was maintained a
distance of 15 cm from the light source. The photocatalysts (100
mg) were dispersed in 200 mL of 1 mg/L RhB aqueous solution
in a Pyrex beaker at room temperature. Before lamp was turned
on, the suspension was continuously stirred for 30 min in the dark
to ensure the establishment of an adsorption—desorption
equilibrium between the catalyst and RhB. During degradation, 3
mL of solution was collected by pipette at an intervals of
irradiation, and subsequently centrifuged to remove the catalysts.
UV-vis spectra were recorded on a Spectrumlab 722sp
spectrophotometer to determine the concentration of RhB.
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Fig. 1 XRD patterns of the typical CuO straw sheaves
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3. Results and discussion

3.1 Characterization of the typical CuO straw sheaves

Fig. 1 shows the XRD patterns of the typical straw sheaf-like
CuO sample. All the diffraction peaks well agree with the
standard card (JCPDS file n0.05-0661). No impurities peaks,
such as Cu,0 and Cu(OH),, can be detected in the XRD patterns,
indicating the formation of phase-pure monoclinic CuO. It is
worth noting that the intensity ratio of {002} to {110} peaks is
20.5 for the CuO straw sheaves (Fig. S1 of ESI"), which is greatly
higher than that (9.7) of bulk CuO, indicating that the {002}
facets preferentially grow. This will be further demonstrated by
HRTEM and SEAD in the latter part.

Fig. 2 shows the typical SEM images of the sample. It is clear
that the sample presents the uniform and well-defined straw
sheaf-like microstructures consisting of the microrods. The
individual straw sheaf has a size of (40-50) um x (5-6) um (Fig.
2a). Fig. 2b reveals that an obvious splitting seems to occur in
the middle of straw sheaf. Viewed along the axial direction, the
end of the straw shows the fantail-like structure, and the single
microrod shows a rectangle cross-section of (0.8-1.5) um x (0.6-
1) pm. (Fig. 2¢). Further viewed along the radial direction, the
straw fantail consists of the outspread micron bundles, of which
the microrods have a clean and smooth surface, on which no
nanoparticles attached (Fig. 2d).

HRTEM is conducted to further observe the structure of the
sample. In Fig 3a, the side and the top or end of the individual
microrod can be identified clearly, marked with the white dotted
line. The single crystalline nature of the sample can be revealed
by the SAED pattern, which is performed along the [001] zone
axis (the inset of Fig 3a). The clear diffraction spots can be
identified as the (110), (010) and (100) planes of the monoclinic
CuO P To the best of our knowledge, it is the first time
tosynthesize the single-crystalline CuO straw sheaves by a simple
method. To identify the structure ofthe microrod more exactly,
the lattice fringe images are further observed in Regions 1 and 2,
which are marked with red and blue rectangles. In Fig 3b, the
interplanar spacing is 0.25 nm, corresponding to the (002)
planeof monoclinic CuO. In Fig 3c, the lattice spacing is 0.28 nm,
which correspond to the (110) plane. Combining with the XRD
results, it can be demonstrated that the microrod grow
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Fig. 2 SEM images of the typical CuO straw sheaves observed
(a,b) at different magnifications and (c,d) along different
directions

preferentially along the [001] direction. Furthermore, we could
conclude that the side and end surfaces of the microrod are
composed of the {110} and the {002} facets, respectively (Fig.
3d). We have calculated the percentage of the exposed {110}
facets is 69.91% on base of its geometric shapes. It is clear that
the sample exposes a high-percentage {110} facets.

3.2 Influences of the added amount of Cu(II) ion

It has been reported ') that crystal splitting is associated with
the fast crystal growth rate that is strongly dependent on the
supersaturation of solution. As a result, the change of Cu®'
concentration may result in the different degree splitting of CuO
crystals. The effect of Cu®" concentration on the samples are
mainly investigated while keeping the others experimental
parameters constant. At a low amount of CuSO, added (7.8
mmol), the as-prepared sample consists of uniform and well-
defined flowers with the diameters of about 10-15 pm (Fig 4a).
At a high magnification (Fig 4b), it is observed that the petal of
the flowers show a triangular shape, and the petals are about 100-
300 nm thick. While the amount of CuSQ; is increased to 15.6

d=0.28nm
(110)

Fig. 3 HRTEM and SEM micrographs of the typical CuO straw sheaves: (a) HRTEM (the inset of ED patterns); (b) Lattice fringe image
of the nanorod top marked with Rectangle 1; (c) Lattice fringe image of the nanorod side marked with Rectangle 2; (d) SEM
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Fig. 4 Effect of the added amount of Cu(Il) ion on the samples:
(a,b) 7.8 mmol (c) 15.6 mmol

mmol, the straw sheaves are obtained (Fig. 4c). It seems that the
copper ion (II) concentration has an important influence on the
shapes and sizes of CuO sample, and that the straw sheaves
evolve from the splitting growth of the flowers. It has been
reported ¥ that crystal splitting, which is unique to minerals in
nature, only at a certain critical level of the
supersaturation. According to the classical crystallography theory
381 a large number of nuclei burst out rapidly at a high
concentration of Cu®*. Generally, a lower monomer concentration

occurs

favors isotropic growth, while a higher monomer concentration
favors anisotropic growth **l. Therefore, the flowers form at a
lower concentration while the straw sheaves form at a higher
concentration.

3.3 Influences of reaction temperature and the HMT amount

The temperature-dependent experiments have been performed to
investigate the effect of reaction temperature on the samples. At
80 and 100 °C, the irregular sample form (Fig. S2(a,b) of ESI" ) .
The novel straw sheaves form only at 120 °C (Fig. S2¢ of ESI*).
Further increasing the reaction temperature to 140 °C,
nevertheless, the irregular sample form and also a significant
amount of Cu,O form (Fig.s S2d and S3 of ESI*). We hold that
the microstructure variation caused by temperature is mainly
driven kinetically. It has been reported that® the splitting of
crystal is most dependent on the solute supersaturation and/or the
impurities concentrations in solution, which urually change
significantly in the microenvironment of crystal growth. At low
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temperatures, ammonia molecules, as an impurity, will be
released slowly by the hydrolysis of HMT, indicated by the low
pH values (6-7) of the system. At high temperatures, more
ammonia molecules are released by the rapid hydrolysis of HMTs,
and a large number of nuclei burst out rapidly in a short time and
grow fast; at the same time, more ammonia molecules released
may adsorb on the crystals surfaces; As a result, the adhesioned
ammonia molecules could lead to the crystal splitting growth F1,
This needs further research. Wang et al. have reported that HMT
can control the morphology of crystals ***1. On the other hand,
more formaldehyde molecules are produced at higher
temperatures by the hydrolysis of HMT; As a result, the formed
Cu(OH), can be reduced to Cu,0, as described by Equation (1) as
follows.

4 Cu(OH), + HCHO — 2 Cu,0 + 5 H,0 + CO, 1)

Furthermore, the effect of the HMT/Cu(Il) molar ratios has been
investigated at 5, 10 and 15 (Fig. S4 of ESI*). At 5 and 10, the
CuO straw sheaves consist of the compact microrods; at 15, the
particles with Cu,O octahedrons form due to the formation of
many HCHO molecules, by which Cu(II) ions have been reduced
to Cu(l) ions. In the absence of HMT, only short and thick
microrods form (Fig. S5 of ESI"), but the unknown impurities
phases form (not showing). Summarily, the morphology and
phase composition of the sample is affected by the amount of
HMT added.

3.4 Growth Mechanism of CuO straw sheaves

In order to understand the formation of CuO straw sheaves, the
time-dependent experiments are carried out, while keeping other
reaction parameters constant. Fig. SA shows the morphology
evolution from 6 h to 31 h. In the initial time, the nano or
microparticles form, and aggregulate to form large particles and
then the nanorods form from inner of the largeparticles. It seems
that straw sheaves have formed at the early stage. With the
increase of time, the straw sheaves continuously to grow, and
both ends of the straw sheave become larger. Hence a crystal
splitting mechanism is proposed to understand its formation ?'".
Fig 5B presents the schematic diagram of splitting growth. The
numerous nanocrystals form large crystals; the large crystals
further spliting grow to form the straw sheaf. Such crystal
splitting growth way is a common growth phenomenon for some

minerals in nature, which has been also noticed in other crystals,
such as Ce(1,3,5-BTC)(H,0), *Y, Bi,S;8*4, La(1,3,5-BTC)(H,0),
1331 and so on. Moreover, it is reported that crystal splitting is
closely relative to the fast crystal growth velosity that is
dependent on the solution supersaturation **l. In our synthesis,

100 there may exist the chemical reactions as follows.

Cu®" +2 OH — Cu(OH), )
(CH,)N4 + H,0 — 6 HCHO + 4 NH; (3)
Cu(OH), +4 NH; — [Cu(NH;),]*" + 2 OH )

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 0000 | 4
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Fig. 5 (A) SEM images of the samples prepared at different
reaction times: (a) 6 h, (b) 14 h, (¢) 16 h, (d) 20 h, (e) 24 h, (f) 31
40 h; (B) Schematic growth diagram of the straw sheaves

Cu(OH), — CuO + H,0 ()

It has been reported methenamine would hydrolize to Produce
4s OH", NH; and HCHO under hydrothermal conditions BLa2 on
one hand, the stability constant (K) of [Cu(NH;)4)*" is 2.1x10%,
so NH; can complex with Cu®* ions to form [Cu(NH;),]*" **. On
the other hand, the solubility product (Ksp) of Cu(OH), is 4.8x10°
20 so the Cu?" ions in the [Cu(NH;),]*" complex can be released
so slowly under hydrothermal conditions. While the released OH"
reach a high concentration enough, the OH™ will combine with the
the released Cu®* to form Cu(OH),; then Cu(OH), converts to
CuO after calcination. There is a competative reaction among the
chemical species. Therefore, we hold that methenamine mainly
ss provide NH; and OH’, which control the formation of Cu(OH),.
Furthermore, it has been reported that the extra ammonia
molecules can insert into the layers of crystallographic network
1341 Because of the strong adhesion of ammonia molecules to the
newly created surface®, the growth of the crystal may distort,

0 resulting in the crystal splitting. To conclude, the formed
ammonia molecules may

1.1
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10s Fig. 6 (a) Degradation curves and (b) apparent reaction kinetics
curves of the samples for the degradation of RhB under visible
light irradiation (A > 420 nm): k,; k,, and k,3, apparent reaction
rate constants for irregular CuO, CuO flowers and CuO straw
sheaves, respectively; (c¢) Super cell model; (d) Atomic
1o configuration of the (110) facet

play an important role in the formation of straw sheaves, Hence,
we believe that the splitting mechanism may more appropriately
account for straw sheaf-like CuO.

115 3.5 Photocatalytic properties

Fig 6a and b show the photodegradation curves and the apparent
rate constants of the CuO samples for the degradation of RhB dye

This journal is © The Royal Society of Chemistry [year]
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under visible-light irradiation (A > 420 nm), respectively. The
CuO straw sheaves exhibit a higher photocatalytic activity than
the two latters. The apparent rate constant (k,) of the CuO straw
sheaves is 5.3 and 1.3 times higher than those of the irregular and
flower-like CuO samples, respectively. Fig. S6 (ESI") shows that
after 140-min irradiation, about 24.5% of RhB are mineralized by
CuO straw sheaves. In order to understand their different
activities, the surface areas and crystallinities of the samples are
mainly investigated (Table S1 and Fig. S7 of ESI"). The BET
areas of the irregular CuO, the CuO flowers and the CuO straw
sheaves are 27.0, 28.5 and 21.8 m?/g, respectively. Although the
former two samples have higher BET areas than the latter, their
crystallinities (41.7% and 57.7%) are lower than that (75.9%) of
the latters (Table S1 of ESI*). The low crystallinity suggests a
more defects 4. It is reported that the bulk defects of
photocatalysts are usually considered to be the recombination
centers for electrons and holes ™, resulting in a low
photocatalytic activity. Therefore, the lower activities of the
former two samples are attributed to their lower crystallinities.
Furthermore, the facet effect is also considered. The CuO straw
sheaves have the 66.9% of the {110} facets exposed. However it
is difficult to determine the exposed facets of CuO flowers due to
its compact structures. (Fig. S8 of ESI"). Observed from Fig. 6
(c,d), Fig. S9 and Table S2 (ESI"), the atom density on (110) facet
is higher than those of (200), (002) and (111) or (-111) facets.
Herein, we can only assume that the exposed {110} facets play an
important role, which needs extensive research. The copper (II)
ions in the {110} planes can accept more photogenerated
electrons by visible-light irradiation. As a result, the formed
copper (I) atomic layers favor for the separation of the electron—
hole pairs (). Besides, the copper (I) ions will result in the
oxygen vacancies neighboring copper (I) ions, which will
increase the photocatalytic active sites [*. Furthermore, the
photoresponses of the CuO electrodes have been measured and
the results are shown in Fig. S$10 (ESI"). The photocurrent of CuO
straw sheaves electrode is the highest than those of irregular and
flower-like ones under visible light irradiation. The improved
photocurrent of CuO straw sheaves electrode may originate from
an enhanced charge separation, which benefits to the improved
photocatalytic properties. Summarily, the high crystallinity and
the active {110} facets exposed of CuO straw sheaves, instead of
its BET area, play the crucial roles in improving the photoactivity.

4. Conclusions

The novel single-crystalline CuO straw sheaves can be prepared
through a facile two-step process, which is mainly maneuvered
by the precursors concentrations, temperature and the HMT
amount added. The CuO straw sheaves have a high photocatalytic
activity, which has been attributed to the high crystallinity and
the high-proportion {110} facets exposed.
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