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Dynamic growth of rhombic dodecahedral Cu,O
crystals controlled by reaction temperature and
their size-dependent photocatalytic performancet
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Compared with low-index {100} or {111} planes of Cu,O crystals, rhombic dodecahedra (RD) Cu,O
crystals exposing 12 {110} facets exhibit the most superior photodegradation of organic pollutants.
Herein, a series of RD Cu,O crystals with different sizes were successfully synthesized by precisely
adjusting the reaction temperature ranging from 40 °C to 100 °C. The results revealed that truncated
rhombic dodecahedra (TRD) Cu,O crystals were fabricated when the temperatures was 40 °C. More
importantly, on raising the temperature to above 40 °C, Cu,O architectures dynamically evolved from
TRD to RD. Meanwhile, the sizes gradually decreased with elevation of the temperature, while the RD
morphology of Cu,O crystals remained, demonstrating the importance of temperature for
determining the morphology and size of Cu,O crystals. In addition, we also carefully investigated the
visible-light photodegradation performance of Cu,O crystals for methyl orange (MO). RD Cu,O
crystals exhibited superior photocatalytic activity compared with TRD, and showed size-dependent

photocatalytic activity for MO. The photocatalytic activity of RD Cu,O crystals can be greatly
Received 10th September 2019 . . . . . L . .
Accepted 6th November 2019 improved by decreasing the size. In particular, RD-60 with the minimum size achieved the best
photocatalytic properties compared to the other RD and TRD Cu,O crystals, and still displayed high

DOI: 10.1039/c9ra07255a photocatalytic efficiency even after three cycles. Such results advance the understanding that
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1. Introduction

Visible-light photocatalysts with a narrow bandgap have been
widely employed for industrial wastewater treatment." Various
experiments regarding visible-light photodegradation of
different categories of organic dyes have been reported.”
Cuprous oxide (Cu,0)** and its complexes (such as hetero-
structures®® and plasmonic'®*® forms) represent important
visible-light photocatalysts, and have been widely applied in
photocatalytic degradation of organic pollutants.

In recent years, various Cu,O crystals with tailored archi-
tectures have been reported, such as rhombic dodecahedral
(RD),** 18-facet polyhedral,’® cubic,'® octahedral,”” and trun-
cated octahedral.’® The morphology-dependent photocatalytic
activity has become a hot topic. Shape-dependent catalysis
behavior are primarily focused on crystals enclosed by low-
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temperature modulation serves as an effective means to fabricate RD Cu,O crystals.

index facets, especially the three basic facets {100}, {111} and
{110}." Notably, RD crystals exposing twelve {110} facets show
the most superior photocatalytic activity compared to octahe-
dral and cube.*** Several synthetic strategies, including
precisely adjusting the amount of capping agent such as oleic
acid,"*>* the reducing agent concentration,> and precipitating
agent amount (NH;-H,0), have been employed for the fabri-
cation of RD Cu,O crystals with uniform size and shape.
Although the reaction temperature has a significant impact on
precise control over the morphology and size of metal oxide,*
which plays a critical role in controlling the rate of nucleation,
and might leads to improve the size and shape.***” The influ-
ence of the reaction temperature on the morphologies of Cu,O
crystals were rarely discussed.

Recognizing the relative importance of reaction temperature,
with high photocatalytic activity of RD Cu,O crystals as the
research object, herein, we realize free control of their particle
sizes and shapes through temperature regulation. The
morphology evolution and crystal size were observed with
increasing the temperature. And then, the dependence of MO
photocatalytic degradation on the size was further explored. RD
Cu,O crystal with different sizes are demonstrated to show
different photocatalytic activity for MO. Especially, RD Cu,O
crystal with minimum size prepared at 60 °C has the most
excellent photodegradation of MO.
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2. Experimental section

2.1. Materials

Copper(u) chloride dehydrate (CuCl,-2H,0, 99%), sodium
hydroxide (NaOH, 97%), sodium dodecyl sulfate (SDS; 99%),
hydroxylamine hydrochloride (NH,OH-HCl, 98.5%) and methyl
orange (MO, 96%) were purchased from Aladdin Reagent Co.,
Ltd. (Shanghai, China). All chemicals were used as received
without further purification. Deionized water (18.3 MQ) was
used for all solution preparations.

2.2. The synthesis of RD Cu,O with different sizes via tuning
the reaction temperatures

Cu,O crystals were synthesized according to ref. 24 except
reaction temperature. Typically, 100 mL deionized water,
7.5 mL of 0.1 M CuCl, solution and 1.3 g of SDS powder were
added to a 250 mL round-bottomed flask in a water bath set at
40-100 °C with vigorous stirring. After complete dissolving of
SDS, 2.7 mL of 1.0 M NaOH solution was quickly added into the
above mixtures under stirring. The resulting solution turned
light blue immediately. Finally, 35 mL of 0.1 M NH,OH-HCI
solution was quickly injected into the mixed solution and was
kept in a water bath for 1 h for crystal growth. The obtained
product were centrifuged at 4000 rpm for 5 min, washed with
water and ethanol several times, and dried at 60 °C for 6 h in
a vacuum oven. Truncated rhombic dodecahedra Cu,O crystals
was denoted as TRD. Thus, the obtained Cu,O crystals synthe-
sized at different reaction temperatures were named TRD-40,
RD-50, RD-60, RD-70, RD-80, RD-90 and RD-100, respectively.

2.3. Photocatalytic experiments

The photocatalytic activities of Cu,O crystals were evaluated by
degradation of MO. Briefly, 15 mg of Cu,O crystal was dispersed
in 100 mL of 15 mg L' MO aqueous solution by ultrasonication
for 1 min. The photocatalytic reactions were carried out at room
temperature in a photoreactor with a water-circulation cooling
system. The solution was exposed under simulated solar irra-
diation from 500 W xenon lamp with a 400-700 nm light filter at
100 mW cm 2. Then, 2 mL of the suspension was collected at
each time interval. The photocatalytic decomposition of MO
solution was evaluated by recoding its UV-vis absorption spectra
at 464 nm. At the end of every cycle, the samples were separated
by settling, washing with deionized water and absolute ethanol,
and drying in a vacuum oven before the next cycle. All the
photocatalytic experiments were performed in triplicate.

2.4. Instrumentation

The morphologies of the synthesized products were observed by
field emission scanning microscopy (FESEM, S-4800, Hitachi,
Japan). The crystal structure of the obtained samples was
analyze by powder X-ray diffraction (XRD, X'Pert Pro diffrac-
tometer) with Cu Ko radiation at 40 kv and 40 mA. UV-Vis
absorption spectra was recorded using a HITACHI U4100
spectrophotometer equipped with labsphere diffuse reflectance
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accessory. X-ray photoelectron spectroscopy (XPS) spectra were
obtained with a PerkinElmer PHI-5000C ESCA system.

3. Results and discussion

3.1. Morphology analysis of the obtained Cu,O crystals

RD Cu,O crystals with various sizes were synthesized at the
different reaction temperatures ranging from 40-100 °C at 10 °C
intervals. Fig. 1A shows the {100}-truncated rhombic dodeca-
hedra Cu,O crystals (denoted as TRD-40) synthesized at 40 °C
with an average diameter of 1.29 + 0.02 pm (Fig. S1 and Table
S1t). And the TRD-40 is bounded by twelve {110} facets and six
{100} facets with smooth surfaces and sharp edges which are
confirmed by the Fig. 1A. In addition, a small quantity of
rhombic dodecahedral (RD) particles were also observed among
TRD-40 crystals (circled in Fig. 1A). The coexistence of TRD and
RD Cu,O crystals implies that in this stage (40 °C) the ratio of
growth rate along the <110 > versus the <100 > direction begins
to transform from TRD to RD tendency. In other words, the
growth rate of {100} crystal facet has been accelerated relatively
with increasing the temperature, which leads to the fading away
of {100} facets.

With the reaction temperature increase, we have successfully
obtained a series of varying size RD Cu,O crystals, and their
average particle size for RD-50, RD-60, RD-70, RD-80, RD-90 and
RD-100 Cu,O crystals is 0.62 £+ 0.01, 0.43 + 0.01, 0.92 + 0.01,
1.16 + 0.02, 0.54 £ 0.02 and 0.44 + 0.004 um, respectively
(Fig. S1 and Table S1 in the ESIt). More specifically, with
increasing the synthesis temperature to 50 °C, the truncated
rhombic dodecahedral architecture entirely evolves to uniform
well-defined rhombic dodecahedron (RD-50) enclosed by twelve
{110} planes (Fig. 1B). When the reaction temperature reaches
60 °C, a smaller particle size was obtained compared to RD-50.
The accelerated growth rate under higher temperatures is
believed to responsible for the size increase in accordance with
the literature.”®?® Nevertheless, at 70 or 80 °C, the particle size of
Cu,O crystals (RD-70 and RD-80) increased. It is because the
reaction speed is accelerated and results in many smaller
particles, which are instability, further caused aggregation
leading to forming bigger single particles.*®

According to Fig. 1F and G, when the temperature was
further elevated to 90 and 100 °C, the obtained products RD-90
and RD-100 became non-uniform, and ill-defined owing to the
high nucleation rate.>*** Thus, the enhancement of diffusion
rate, nucleation and growth rates with higher reaction temper-
ature, accelerates the ill-defined aggregates in the process of
crystal formation. The above results show that the reaction
temperature plays a crucial role in the formation of Cu,O
crystals determining its crystals size and size distributions.*

3.2. Purity characterization of the obtained RD Cu,O crystals

Powder XRD was used to determine the phase structure of the
products. As shown in Fig. 24, all the diffraction peaks were
indexed to the cubic phase of Cu,O (JCPDS No. 05-0667). The
peaks at 20 = 29.9, 36.5, 42.2, 61.4, and 73.8° can be indexed to
the (110), (111), (200), (220), and (311) reflection peaks,

This journal is © The Royal Society of Chemistry 2019
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Fig.1 FESEM images of Cu,O crystals obtained by altering the reaction temperatures. (A) TRD-40, (B) RD-50, (C) RD-60, (D) RD-70, (E) RD-80,

(F) RD-90 and (G) RD-100.
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Fig. 2 XRD patterns (A) and X-ray photoelectron spectrum (XPS) (B) of as-synthesized TRD and RD Cu,O crystals, as well as magnified XPS

spectrum of RD-60 Cu,O crystals (C).

suggesting that all the diffraction peaks belonged to cubic
phase Cu,0 and no impurities, such as Cu or CuO. In addition,
although their XRD patterns appear to be similar due to the
random orientation of particles on a substrate, it is worth
nothing that obvious changes in the intensity ratios for various
peaks were observed, giving a support to the above FESEM
observations. In special, the ratio of the peak intensity of the
(220) peak to that of the (200) facet increases from 0.66 for TRD-
40 t0 0.72, 0.7, 0.87 and 0.87 for RD-50, RD-60, RD-70 and RD-80
Cu,O crystals, respectively, suggesting the growing fractions of
{110} facets.**

To determine the chemical compositions of RD Cu,O crys-
tals and to identify the chemical state of Cu in the samples,
wide-range and high-resolution XPS spectra were carried out,
and only Cu and O were observed in the spectra (Fig. 2B and C).
The emergence of trace C can be attributed to adventitious
carbon from the sample fabrication and/or the XPS instru-
ment.* For RD-60, as a typical Cu,O crystal, the high-resolution
individual XPS lines is present in Fig. 2C. Two peaks at 932.5 eV
and 952.4 eV were assigned to Cu 2p;,, and Cu 2p,,, of Cu’,
respectively, and were in good agreement with the reported
values of Cu,0.** Moreover, the appearance of a satellite peak at
945 eV is due to the transition of the outer electron in Cu".*
Obviously, the XPS results further confirmed the Cu,O product
and not Cu or CuO,*” which agreed with the XRD results.

This journal is © The Royal Society of Chemistry 2019

3.3. Optical properties of the obtained TRD and RD Cu,O
crystals with different sizes

The UV-vis diffuse reflectance spectra of the TRD and RD Cu,O
crystals with different sizes were measured to investigate their
optical properties. As shown in Fig. 3A, all the Cu,O samples
displayed excellent light-harvesting capabilities in the wave-
length range 400-600 nm due to the low bandgap of Cu,O (<2.0
eV), which is prerequisite for high photocatalytic activities
under visible irradiation. A blue shift of absorption edge with
decreasing particle size was observed in optical absorption
spectra.®®

The bandgap values of these Cu,O crystals with different
sizes were determined by constructing Tauc plots ((F(R) x hv)"
vs. hv) from Fig. 3B. As an indirect band gap semiconductor, n
should be taken as 2 for Cu,0.%” Hence, extrapolating the linear
region to the photoenergy axis yields the bandgap values for the
Cu,O0 crystals with various sizes, and the values are 2.38, 2.36,
2.39, 2.32 and 2.30 eV for TRD-40, RD-50, RD-60, RD-70 and RD-
80 Cu,O crystals, respectively. The slight differences observed in
their bandgap values can be attributed to their different
morphologies, as reported in the literature.>* Moreover, for RD
Cu,O crystals, the band gap value increases with decreasing
particle size (Fig. 3C), which agreed with that reported in
literature.*®
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Fig. 3 (A) Reflectance UV-vis absorption spectra and (B) Tauc plots of the obtained TRD and RD Cu,O crystals, as well as (C) the band gap values

of RD Cu,O crystals against the particle size.
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Fig. 4 (A) Extent of the photodegradation of a 15 mg L~* MO solution vs. time using the obtained TRD and RDs Cu,O crystals as photocatalysts.
(B) Kinetic plots of the degradation process under visible light with the TRD and RDs Cu,O photocatalysts. (C) Effect of RD Cu,O crystals with

different sizes on the degradation of 15 mg L=* MO solution.

3.4. Photocatalytic performance of the obtained TRD and
RD Cu,O crystals

In this work, TRD and RD Cu,O crystals with different sizes were
fabricated via finely adjusting the reaction temperature. To
elucidate the relationship between microstructure and photo-
catalytic efficiency, the photocatalytic activities of the TRD and
RD Cu,O crystals were evaluated by the photodecomposition of
MO solution under visible light irradiation.

As shown in Fig. 4A and S2 (in the ESIt), the MO concen-
tration exhibits negligible decreases in the control experiment
without Cu,O photocatalysts. However, the characteristic
absorption peak of MO at 464 nm gradually decreased in the
present of Cu,O photocatalysis as the irradiation time
increased, indicating that all obtained Cu,O crystals exhibited
excellent photocatalytic performance for MO under visible light
irradiation. Specifically, after 60 min of irradiation, the
remaining amounts of MO was 24.56%, 5.14%, 3.21%, 39.63%
and 41.25% for TRD-40, RD-50, RD-60, RD-70 and RD-80
(Fig. S37), respectively. As depicted in Fig. 4C, except for RD-
90 and RD-100 (with serious surface defects), the catalytic
activity of RDs is inversely proportional to their particle size. For
RD-60 with the minimum size especially, it exhibited the
optimal photocatalytic activity, which could reach as high as
88.3% in only 30 min, and finally reached 96.79%.

From the quantitative investigation and kinetic analysis of
the degradation rate, the linear relationship of In(C/C,) as
a function of testing time (Fig. 4B) was obtained and showed
that the MO photodegradation conformed to pseudo-first

36834 | RSC Adv., 2019, 9, 36831-36837

kinetics.**** The kinetics can be represented by the following
equation:

In(C/Cy) = «t

where « is the apparent first-order reaction constant, which is
known to indicate the photocatalytic activity, and C, and C are
the initial concentration and reaction concentration at reaction
time ¢, respectively.

The photocatalytic degradation reaction constants, «, for
TRD-40, RD-50, RD-60, RD-70 and RD-80 are 0.026, 0.015, 0.064,
0.050 and 0.013, respectively. Accordingly, the order of the «
values is as follows: RD-60 > RD-70 > TRD-40 > RD-50 > RD-80,
which is consistent with the experimental results of the pho-
tocatalytic activity. As we know, with increasing size of the
particles, the recombination rate of e /h" pairs will increase
accordingly due to the increase of traveling path within the
crystal body before reaching the photocatalyst surface.*>** In
contrast, a small crystal size can facilitate a low recombination
rate of photoexcited e /h* pairs with the crystal body.** Thus, an
optimal photocatalytic activity is obtained for RD-60. In addi-
tion, smaller crystals with larger specific surface areas possess
a higher photon adsorption rate on the surface of photocatalysts
compared with the larger ones. The BET specific surface areas
for TRD-40, RD-50, RD-60, RD-70 and RD-80 are 0.02, 1.87, 2.25,
1.00 and 0.54 m” g~ !, respectively. However, with almost same
particle size, TRD-40 exhibited a higher photocatalytic perfor-
mance compared to RD-70 and RD-80. This is because that TRD-
40 had exposed twelve {110} facets and six {100} facets, and the

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (A) Five cycle experiments of MO photodegradation by RD-60 under visible-light illumination. (B) XPS full survey spectra of the freshly

prepared (black line) and used RD-60 after the photocatalytic recycling experiments (red line). (C) High-resolution Cu 2p XPS spectra of RD-60

after five cycles of photocatalytic degradation.

slight difference in the surface energy levels between the {110}
and {100} facets provides a driving force to effectively separate
photoexcited electron-hole pairs.****® Thus, TRD-40 Cu,O crys-
tals had a better photocatalytic activity than that of either RD-70
or RD-80 only exposed twelve {110} facets.

3.5. Photocatalytic stability of the Cu,O crystals

The photocatalytic activity stability is a crucial aspect of the
photocatalyst quality. Therefore, recycling experiments were
carried out on the degradation of MO by RD-60 with the most
efficient photocatalytic activity. In Fig. 5A, similar degradation
behaviors were shown under visible-light irradiation for five
cycles despite a small reduction in the photocatalytic activity in
the five cycle due to the photocorrosion of the Cu,O nano-
particles (Fig. S47), which agreed with the previous studies.*”*®
In addition, the structural stability of RD-60 was also verified
by XPS (Fig. 5B and C). As presented in Fig. 5B, the catalyst
maintained its crystal structure, and no diffraction peaks for
CuO were observed in the spectra. While a slight peak at
942.9 eV for Cu®>" was observed on the sample surface in addi-
tion to the two main peaks at 932.26 (Cu 2ps,,) and 952.28 (Cu
2py/,) €V for Cu' ions (Fig. 5C), a superficial thin CuO layer can
prevent further oxidation and ensure the stability of RD-60.* On
the results of XPS results, its good structural stability as well as
photocatalytic performance makes the RD-60 potential candi-
dates for highly efficient photocatalyst under visible light.

4. Conclusions

In summary, we have demonstrated a facile and efficient
process to synthesize uniform and perfect RD Cu,O crystals
with different particle sizes by adjusting reaction temperature.
The reaction temperature had an important impact on the
nucleation and different growth rates of crystals, which result in
the changes of particle size and morphology, respectively.
Additionally, the photodegradation performance for MO
displays size-dependent efficacy. Particularly, RD-60 with the
minimum sizes exhibits the most remarkable photocatalytic
activity for MO degradation, compared to the other RD and TRD
Cu,O crystals. This work demonstrates temperature modulation
serves as an effective means to fabricate RD Cu,O crystals,

This journal is © The Royal Society of Chemistry 2019

which exhibit the efficient photocatalytic performance for
harmful pollutants.
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