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This study demonstrated interesting ultrafast activation of molecular O, by copper oxide (CuO) particles
and very rapid elimination of aqueous 2,4-dichlorophenol (2,4-DCP) within reaction time of 30 s. Electron
paramagnetic resonance (EPR) characterization indicated that *OH, Cu3*,0, and 0,°~ were generated in
the CuO/O, systems, wherein O,*~ would be the main reactive species responsible for 2,4-DCP
degradation. It was further found that the catalytic ability of CuO for O, activation was highly size
dependent and nano-CuO was far reactive than micro-CuO. H, temperature-programmed reduction (H,-
TPR), X-ray photoelectron spectroscopy (XPS) and vibrating sample magnetometer (VSM) analyses
revealed that both the quantity and the reactivity of the surface reaction sites (surface Cu* and 0,) could
determine the catalytic ability of CuO affecting efficient Cu-based molecular oxygen activation.
Moreover, the O, activation ability of CuO would depend on not only the dimension, but also crystalline
factors, for example, the exposed facets.
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Phenols are the cyclic compounds containing the aromatic ring
with the phenyl hydroxyl, which are closely associated with the
human production and life. On one hand, they are the basic raw
materials for organic chemical industry, for instance, phenol and
bisphenol A are the basic materials for phenolic resins, an
important matrix in fiber-reinforced composites to prepare
materials with low fire-smoke toxicity [1]. On the other hand,
phenols are also important pollutants ubiquitous in the natural
environment, and eleven phenols were classified as the priority
pollutants by US Environmental Protection Agency (USEPA) [2].
Phenols are highly toxic even at low concentration, they are also
resistant to natural degradation and therefore persist in the
environment [3], thus, it is essential to develop novel physical-
chemical technologies of high efficiency for phenols treatment [4].

Among the various treatment methods, advanced oxidation
processes (AOPs) through the generation of reactive oxygen
species (ROS), i.e., sulfate radical (SO,°~, E°=2.52-3.08V vs.
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NHE) and hydroxyl radical (*OH, E°=1.89-2.72V vs. NHE) [5,6],
have been widely applied to non-selectively decompose numerous
biorefractory organics [7]. Peroxydisulfate (PDS), peroxymonosul-
fate (PMS) and hydrogen peroxide (H,0O,) are the most studied
oxidants to produce SO4°*~ and *OH [8,9], while the high chemical,
storage and transportation costs limit their applications in real
wastewater treatment. Oxygen (0,) is the second most abundant
gas in the atmosphere, and it also the greenest and the most
economic oxidant to produce *OH. However, the O, activation is
rather difficult due to its low redox potential (E° = -0.33V) [10].
From the aspect of thermodynamics, the Arrhenius activation
energy for the activation of O, by Fe?* was determined to be 51
kJ/mol [11], which was larger than the value of the Fenton reaction
(Fe?* + H,0,, 38.18 kJ/mol [12]). From the aspect of dynamics, the
second order reaction rate constant for Fe?* and O, was five orders
of magnitude lower than of Fe?* and H,0, [13]. Thus, additional
energy input, i.e., ultraviolet and electricity, are usually needed for
the efficient activation of O, [14-16], but these processes met a
series of problems in the practical use such as high treatment cost
and high requirement of water quality. Thus, achieving the facile
and efficient activation of O, has become a pressing problem.
Copper oxide (CuO) was proved to be an efficient Fenton-like
catalyst for H,0, and persulfate activation [17,18], and it also
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showed high efficiency for O, activation through the surface
oxygen vacancies, which were widely used for antimicrobial
applications through the generation of common ROS, ie.,
superoxide anions (0,°7) [19]. Obviously, the amount of generated
ROS depended on the quantity and reactivity of the CuO surface
oxygen vacancies, which was reported to be further determined by
the dimension and shape of the CuO particles [19,20]. For instance,
the surface area of nano-CuO was much higher than that of micro-
CuO, and Applerot et al. [19] reported that more radicals were
produced as the particle size of CuO become smaller. Meanwhile,
Gilbertson et al. [20] recently showed that CuO nanosheets
possessed much higher surface reactivity and antimicrobial
activity than CuO nanoparticles (sphere-like shape) and bulk
CuO. Overall, the catalytic ability of CuO was greatly influenced by
its dimension and shape, but the underlying mechanism was still
unknown. Our previous study has demonstrated that hydroxyl-
amine (HA) could accelerate the Cu?*/Cu” cycle, thus greatly
enhanced the O, activation by Cu nanoparticles (nCu) to generate
Cu(Ill) for diclofenac (DCF) degradation, while the potential
toxicity of HA could bring addition risks on the environment.
For the first time, we demonstrated that O, could be efficiently
activated by the surface Cu® of CuO nanoparticles for ultrafast 2,4-
dichlorophenol (2,4-DCP) degradation without the addition of any
external chemical, but how the particle size affects the surface
properties and the catalytic ability of CuO needed to be further
clarified.

Therefore, in this study, four CuO samples with different
particle size were selected as the research object, the effect of the
dimension of CuO on 2,4-DCP degradation and the involved ROS
were firstly studied, and then the size-dependent quantity and
reactivity of CuO surface reaction sites, as well as their relationship
with the 2,4-DCP degradation ratio were comprehensive studied.
The results provided valuable insight into the development of size-
property-function parametric relationships for CuO.

All chemicals and analytical methods were provided in Text S1
(Supporting information). Batch degradation experiments were
conducted in a 100 mL beaker, the initial concentration of CuO and
2,4-DCP were set as 2 g/L and 0.012 mmol/L, respectively, and the
initial pH was adjusted to 6.0 by using 0.5 mmol/L NaOH/H;SO4. A
thermostat circulator was used to control the reaction temperature
at 25°C. Water samples were withdrawn at predetermined
intervals and analyzed immediately after filtration through
0.22 pwm membrane. All degradation experiments were conducted
at duplicates.

The size distribution diagrams presented in Fig. S1 (Supporting
information) showed that the dimension of the four CuO samples
were 40-80, 60-100, 35-65 and 400—700 nm, respectively, they
were named as Cu0-80, CuO-100, CuO-60 and CuO-600, respec-
tively. Besides, the crystal structures of the four CuO samples were
characterized by high-resolution transmission electron microsco-
py (HR-TEM) (Fig. S2 in Supporting information). As shown in
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Fig. S2c, the Fast Fourier transform (FFT) analysis showed that CuO-
80 contained (200), (-112) and (110) crystal planes, while they were
(200), (110) and (002) for Cu0-100, (110) for CuO-60 and (110) and
(111) for Cu0O-600 in Figs. S2g, k and o, respectively. X-ray
diffraction (XRD) characterizations were then conducted to
demonstrate the crystal structures of the four CuO samples, the
results (Fig. S3 in Supporting information) showed that all the four
CuO samples exhibited the diffraction pattern of monoclinic CuO
(JCPDS No. 48-1548) [21], with well-crystalline and high purity
crystal phases. The facets in the XRD patterns were in accordance
with the observed facets in HR-TEM spectra. It was reported that
the change in the growth direction and morphology of nano-
structures could alter the intensity of the XRD peaks [22]. Among
the four CuO samples, significant changes were observed in the
intensity of two major peaks at 26 values of 35.5° and 38.7°, with
respect to (-111/002) and (111/200) plane. The corresponding
intensity ratios of the two peaks were calculated as 1.09, 1.12, 1.08
and 1.01 for Cu0-80, Cu0-100, CuO-60 and Cu0-600, respectively.
This indicated that the percentages of the {001} facets for nano-
CuO were much higher than that of micro-CuO. It would be benefit
for the adsorption and activation of O, occurring at the surface of
nano-CuO, since all exposed atoms on {001} facets of CuO were Cu
[23]. The N, adsorption-desorption isotherms of the four CuO
samples were shown in Fig. S4 (Supporting information). The
amount of surface reaction sites was highly depended on the
Brunauer-Emmet-Teller (BET) surface area of the catalysts, and it
was determined to be 10.9, 4.1, 4.9 and 1.1 m?/g for CuO-80, CuO-
100, Cu0-60 and Cu0-600, respectively. The above results showed
that the quantity and reactivity of surface reaction sites of CuO was
totally different, and both of them could affect the catalytic ability
of CuO for O, activation.

Electron paramagnetic resonance (EPR) experiments were
firstly conducted to study the reactive species involved for 2,4-
DCP degradation in the CuO/0, systems, the results were shown in
Fig. 1. Fig. 1a displayed that a quartet peak and a sextet peak of
signals were observed in the four CuO/O, systems by using 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) as the trapping agent, the
two series of peaks could be recognized as DMPO-OH and DMPO-
CH; adducts, representing the generation of *OH and Cu®*,
respectively [24,25]. When 2,2,6,6-tetramethyl-4-piperidone
(TEMP) was used as the trapping agent, a triplet peak signal of
TEMP-10, emerged (Fig. 1b), indicating the presence of singlet
oxygen (10,)[26]. In addition, since O,°~ is very unstable and could
undergo facile disproportionation rather than slow reaction with
DMPO in aqueous solution [27], the trapping of O,*~ was conducted
in methanol media, and the detection of DMPO-OOH adduct of
characteristic six peaks indicated the presence of 0,°~ (Fig.1c). The
above results indicated that °*OH, Cu®*, '0, and 0,° were
generated in the CuO/O, systems, the reaction mechanism was
thus proposed. Since certain amount of oxygen vacancies and Cu*
exist on the surface of CuO [28,29], O, was firstly activated by

(a) =+ DMPO;CH3 7 DMPO-OH (b) N FTEMP-105I(c) % . ,*DMPO-OOH g 804 (D Cu0-80
Cu0-80 ¥ v Cu0-80 1050 - py m
- = = Q60
Elouo-loat , E A 8 4 # SSMMWW\@ < P
@ “MWWWWM é» Ca0-100 ‘? E."P.'&g&./\/\/\/\/\/\/_ww So 404 (L'()'g)})f’,
w 1%2] u- 17}
g e JVMMWE [ g E,E‘BW\,\/VNW .‘g 20 /,}cuo-(m
Cu0-600 Ww Cu0-600 3 L
el M i resmastla S o g 01 ¥Cu0-600 R?=10.993
0337 0340 0343 0346 0337 0340 0343 0346 0337 0340 0343 0346 & 0.1 04 07 10 13
Magnetic field (T) Magnetic field (T) Magnetic field (T) Intensity of DMPO-OOH (a.u.)

Fig. 1. The EPR signals of the (a) DMPO-CH; and DMPO-OH (aqueous solution), (b) TEMP-'0, (aqueous solution), (c) DMPO-OOH (methanol media) adducts and (d) the
relationship between the intensity of DMPO-OOH and the removal ratio of 2,4-DCP in the four CuO/O, systems adopting CuO-80, CuO-100, CuO-60 and CuO-600. Conditions:

[CuO] = 2g/L, [DMPO] = 50 mmol/L, pH 6.0 and 25 °C.
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surface Cu® to generate O, (Eq. 1), and then a series of radical
reactions were triggered based on the heterogeneous-homoge-
neous Cu*/Cu?" cycle as described in Egs. 2-5.

Cu* + 0, —» Cu?* + 05"~

(1)

CU2+ + 02.7 — Cu™ + 102

05"~ + 05"~ + 2H' - H,0,+ 10,

Cu* + H,0, — Cu®* + 20H" (4)

Cu®* + H,0, » Cu* + 0,° + 2H" (5)

Besides, as shown in Fig. 1d, the intensity of DMPO-OOH was
highly correlated with the removal ratio of 2,4-DCP, indicating the
main reactive species for 2,4-DCP degradation in the CuO/O,
systems was 0,° [HO,*. This result was further confirmed by the
scavenging experiments in the Cu0-80/0, system (Fig. S5 in
Supporting information). Furfuryl alcohol (FFA) was used to
scavenge '0, [30], benzoquinone (BQ) was used for 0,°~ [30]
and ethanol (EA) was used for *OH and Cu>* [31]. It can be seen that
FFA and EA have no effect on 2,4-DCP degradation, while BQ could
significantly suppress the 2,4-DCP degradation in the CuO-80/0,
system. This indicated that O,*~ would be the predominant
reactive species for 2,4-DCP degradation, which was consistent
with the EPR results. It also noted that the reactive species
generated in the CuO/0, systems adopting CuO-80, CuO-100, CuO-
60 and CuO-600 were totally identical, indicating the catalytic
mechanism of O, by CuO was independent of the dimension of
CuO. The different catalytic abilities of the four CuO samples were
ascribed to their different quantity and reactivity of the surface
reaction sites (surface Cu” and 0,).

The degradation profiles of 2,4-DCP in the CuO/O, systems
adopting Cu0-80, Cu0-100, Cu0-60 and Cu0-600 were shown in
Fig. 2a. It can be seen that nano-CuO could activate O, at an
ultrafast rate, and the 2,4-DCP degradation processes were almost
complete within 30s. The 2,4-DCP removal amount followed the
order of CuO-80 > Cu0-100 > Cu0O-60>> Cu0-600, implying more
ROS was generated as the particle size decreasing, which might
ascribe to the larger quantity and higher reactivity of the reaction
sites for nano-CuO. The sites reactivity of the four CuO samples,
defined as the surface area normalized 2,4-DCP removal amount
within 120s, were therefore calculated as shown in Fig. 2b. The
sites reactivity of CuO generally followed the order of CuO-100 >
Cu0-80 > Cu0-60>> Cu0-600. It indicated that the surface
reaction sites of nano-CuO was far reactive than micro-CuO.
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However, as the dimension of CuO less than 100 nm, the CuO sites
reactivity was independently of its particle size, as described
above, the exposed facets could also affect the reactivity of CuO.

H, temperature programmed reduction (H,-TPR) experiments
were then carried out to study the reactivity of the CuO reaction
sites, Fig. 3a showed that the reduction peak of CuO-80, CuO-100,
CuO-60 and CuO-600 centered at 253, 267, 284 and 518°C,
respectively, indicated that nano-CuO was more reactive than
micro-CuO, which was accordance with the experimental results.
The higher reactivity of nano-CuO can be ascribed to the abundant
surface unsaturated coordination sites originated from oxygen
vacancy on the surface of nano-CuO, which showed a higher
efficiency for adsorption and dissociation of H, during the
reduction process [32]. The reactive oxygen vacancy also showed
superior adsorption affinity for O,, the adsorption energy of O, by
oxygen-deficient CuO(111) surface was greater than that of perfect
CuO(111) surface from an aspect of density functional theory (DFT)
calculation [33]. The adsorbed O, was weakly charged, and the
reactivity of which was reported to be 4 orders of magnitude
higher than that of lattice CuO oxygen [28]. As can be seen in
Fig. 3b, more 2,4-DCP was removed as the reduction temperature
decreasing, further confirmed that the reactivity of surface sites
determined the 2,4-DCP removal amount to a large extent. It also
noted that the reactivity of CuO-80 was higher than that of CuO-
100 as shown in Fig. 3a, while opposite result was obtained from
the view of surface area normalized 2,4-DCP removal amount
(Fig. 2b), this could be ascribed to the higher proportion of ROS was
self-quenched since the generation of ROS was too fast as in the
case of CuO-80.

On the basis of the above analysis, the quantity of the surface
reaction sites could also affect the removal ratio of 2,4-DCP in the
Cu0/0, system. It has been reported that the surface oxygen
vacancy showed superior affinity for O, and served as the O,
binding sites on the surface of CuO [32,33], thus, the amount of
surface O, could be revealed by the quantity of surface Cu® or
surface oxygen vacancy.

X-ray photoelectron spectroscopy (XPS) analysis was then
conducted to study the quantity of Cu* on the surface of CuO-80,
Cu0-100, CuO-60 and CuO-600. As depicted in Fig. 4a, the Cu 2p
peak located at 934.3 eV and the corresponding satellite peaks at
938-948 eV were the XPS characteristic of Cu?", while the peak at
932.8 eV was ascribed to Cu® [28]. The surface Cu* contents were
then calculated to be 65.8%, 42.3%, 41.1% and 23.9% for CuO-80,
Cu0-100, Cu0-60 and Cu0-600, respectively. It was obviously that
much higher proportion of Cu* was presented on the surface of
nano-CuO. The absolute amount of surface Cu* was calculated by
Sger x surface Cu” content, it can be seen from Fig. 4b that the
absolute amount of surface Cu* was positively associated with the
removal ratio of 2,4-DCP, the correlation coefficient (R?) was 0.933,
demonstrated that the quantity of CuO surface reaction sites was
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Fig. 2. (a) The degradation profiles of 2,4-DCP in the CuO/0O, systems adopting CuO-80, CuO-100, CuO-60 and Cu0O-600, (b) the surface sites reactivity of the four CuO samples.

Conditions: [CuO] = 2 g/L, [2,4-DCP] = 0.012 mmol/L, pH 6.0 and 25°C.
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0, systems adopting Cu0-80, CuO-100, CuO-60 and CuO-600.

one of the key factors in determining the 2,4-DCP degradation.
However, as shown in Fig. 4b, the surface Cu* quantity of CuO-60
was higher than that of CuO-100, while more 2,4-DCP was
degraded by using CuO-100, indicated that the catalytic ability of
CuO depended not just on the quantity of surface reaction sites, but
also their reactivity.

Besides, it was reported that bulk CuO show room-
temperature paramagnetism (PM), while nano-CuO presents
ferromagnetism (FM), as the size of CuO decreasing, the
increasing oxygen vacancy leading to the larger saturation
magnetization (Ms) [34]. Fig. 5a presented the magnetization
versus magnetic field ((M—H)) curves for CuO-80, CuO-100, CuO-
60 and Cu0-600 after paramagnetism corrections. The hysteresis
loops indicated that the nano-CuO samples, i.e., CuO-80, CuO-100
and CuO-60, had visible room-temperature FM, while CuO-600
showed PM at room temperature, the M values of CuO-80, CuO-
100, Cu0-60 and CuO-600 were 0.36, 0.22, 0.073 and 0.035A/m,
respectively (Fig. 5b), indicating more oxygen vacancy, as well as
more surface Cu* and O,, were presented on the surface of nano-

correlation between the M values and the removal amount of
2,4-DCP, while the R? was merely 0.838, further evidenced that
both the quantity and the reactivity of the CuO surface reaction
sites played important roles in the fast generation of reactive
species for 2,4-DCP degradation.

In conclusion, this study demonstrated a high-efficient AOPs
based on CuO for O, activation and 2,4-DCP degradation. The
catalytic ability of CuO was highly depended on its dimension, and
nano-CuO was far reactive than micro-CuO. On one hand, higher
proportion of surface reaction sites and larger BET surface area
could lead to the higher quantity of reaction sites for CuO as the
particle size decreasing. On the other hand, the absorbed O, on the
surface of nano-CuO was more reactive than that of micro-CuO due
the presence of surface oxygen vacancy. Overall, both the quantity
and the reactivity of the reaction sites (surface Cu* and O,) on the
surface of CuO were responsible for the higher catalytic ability of
nano-CuO. However, the reactivity of surface reaction sites not only
depended on the dimension of CuO, but also depended on
crystalline factors, ie., the exposed facets, which need further

CuO. As shown in Fig. 5c, there still existed the positive studies.
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Fig. 5. (a) (M—H) curves for Cu0-80, CuO-100, CuO-60 and CuO-600 after paramagnetism corrections, (b) the saturation magnetization values (M) of the four CuO, (c) the

relationship between the M values and the 2,4-DCP removal ratio in the CuO/O,

systems adopting CuO-80, CuO-100, CuO-60 and Cu0O-600.
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