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Abstract—This work reveals a schematic strategy to massively fabricate a series of OH-riched copper oxides (CuO-
OH), which could be used as highly efficient chemo catalysts for water oxidation reaction (WOR). The results indicate
that the as-prepared CuO-OH exhibited excellent catalytic activity (2,900 pmol-h™'-g") toward water oxidation, far
higher than the pure CuO formed through calcination. According to the radical capture results and the DRIFTS, XRD,
and Raman spectra data, sulfate radicals were the main active species. Subsequent data of BET, HR-TEM, and FT-IR
spectra reveal that the CuO-OH could activate persulfate ions in the dark to produce sulfate radicals efficiently at room
temperature and promote the sulfate radicals to carry out immediately to hydroxide-mediated deprotonation steps in
WOR. Based on the results above, a mechanism is proposed.
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INTRODUCTION

The energy crisis and environmental degradation have been major
issues for the last few decades; thereby, cheaper, sustainable, clean
energy sources are urgently demanded [1-3]. Hydrogen (H,), char-
acterized as pollution-free, high enthalpy heat, and high energy out-
put efficiency; has attracted widespread interest for years [3,4]. Water
splitting (2H,0—2H,+0,) reaction is regarded as the most effec-
tive way to obtain H, [5-8]. The half-reaction (water oxidation reac-
tion (WOR)) involves a four-electron transfer process, leading to
the main thermodynamics and kinetics (1.23 V vs. NHE) restricts
toward water splitting. Numerous efforts have been attempted to
lower the potential barrier of the WOR by seeking effective cata-
lysts to accelerate the reaction, including electrochemical-catalytic,
photocatalytic, and chemical methods [5,8,9]. Among them, chemo-
catalytic WOR is not complicated since it has a relatively simple
process design and fewer requirements for catalysts [10-12].

The earliest research work on chemo catalytic WORs was re-
ported in 1968 when Glikman et al. discovered that Mn oxides
could oxidize the water in the presence of cerium(IV) ammonium
nitrate (CAN) [12]. Subsequently, the catalytic properties of some
precious metals, such as Ru and Ir, have been verified. In 2005,
Zong and Thummel first reported that mononuclear Ru-based
complexes served as excellent water oxidation catalysts in Ce (IV)-
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CF;SO;H solution (pH=1.0) [10]. In 2008, Bernhard and his group
first reported a series of cyclometalated iridium (III) aqua com-
plexes that exhibited excellent catalytic properties in WOR when
using Ce(IV) as the oxidant [13]. Given commercial profit and
industrial availability, numerous efforts have been made to replace
precious metals with earth-abundant elements. Co [14] and Fe [11]
based compounds were commendable water oxidation catalysts
(WOQ). 1t is necessary to point out that CAN is the most often
used oxidant in the reactions mentioned above [10,12,13], and it is
only stable at low pH solutions. Hence, another oxidant is required,
whose oxidation capacity should not be significantly affected by
acidity and alkalinity of a solution. Sodium persulfate is a power-
ful intrinsic oxidant, with a reduction potential of 2.0 V vs. NHE,
approximately. Moreover, its kinetic stability is quite satisfactory:.
Apart from that, sulfate radicals can also be produced using per-
sulfate under the action of a catalyst, which has a higher potential,
ie, ~24V vs. NHE, to oxidize water and produce a relatively benign
sulfate [15-17]. Owing to such properties of persulfate, mesoporous
Au/BiFeO; combined with persulfate as an oxidant was used to
drive water oxidation with a high oxygen rate (586 umol-h™-g ™) [6].

Persulfate is stable in water solution, and there needs a catalyst
to activate it, for instance, converting it to sulfate radicals to oxi-
dize the reactants. There are two proposed mechanisms for con-
verting persulfate to sulfate radicals. One is that the persulfate ions
are directly activated by heat or UV-visible light, and the other is
that the transition metals provide the electrons to persulfate ions
resulting in the generation of sulfate ions and sulfate radicals [17-
22].
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Recently, metal oxyhydroxides have attracted special attention
in WOR owing to their exceptional physical and chemical proper-
ties [23-26]. Koper et al. presented an in situ surface enhanced
Raman spectroscopy study (SERS) of the pH-dependent interfa-
cial changes of the NiOOH catalyst under the working condi-
tions, pointing out that the deprotonation of NiOOH produced
negatively charged (or proton-deficient) surface species, which
were responsible for the enhanced electrochemical WOR activity
of NiOOH in highly alkaline pH [25]. Boettcher and co-workers
proposed a mechanism that Fe had been predicted to increase the
catalytic activity of Ni(OH),/NiOOH for the electrochemical WOR
[24]. In addition, Vela et al. reported that cobalt oxyhydroxide
nanocrystals could be facilely gained via photochemical and ther-
mal synthesis, but they reported no related mechanism study [26].
Despite these proposed mechanisms that may reasonably explain
the excellent oxygen evolution of metal oxyhydroxide, insights into
the catalytic pathway and experimental evidence of the proposed
mechanism are still needed.

This paper uses a simple and comparative strategy to evaluate
the deprotonation mechanism of OH - riched copper oxides (CuO-
OH) and pure CuO in persulfate/ sodium hydroxide solution for
chemocatalytic WOR, respectively. It was excitingly found that the
as-prepared CuO-OH exhibited excellent catalytic performance,
and the oxygen-generating rate was as high as 2,900 umol-h™".g™",
while the pure CuO without hydroxy displayed much poorer activ-
ity in WOR. Subsequently, we noticed that the CuO-OH could
activate persulfate in the dark and at room temperature to pro-
duce sulfate radicals. The synergistic effect makes the sulfate radi-
cals the dominant oxidant in WOR. Based on the Raman spectra
measurement, XRD FT-IR results, and the previous deprotonation
mechanism of metal oxyhydroxides by SERS [25], a new mecha-
nism was proposed in which CuO-OH can serve as an activator
for persulfate in WOR. We expect that this contribution will pro-
vide a pathway for designing and developing new chemocatalytic
water oxidation catalysts.

EXPERIMENTAL DETAILS

1. Materials

All the chemicals used in this work were of analytical grade
and used without further purification. Na,S,0; was purchased
from ACROS (Fisher Scientific Worldwide Co., Ltd, Shanghai).
Sodium citrate dehydrate (C;H;Na;O,-2H,0), NaOH, CuSO,-5H,0,
Cu(CH;CO0),-H,O, Cu(NO,),-3H,0 methanol (MA) and fest-
butyl alcohol (TBA), ethylene glycol (EG), glacial acetic acid were
supplied by Adamas (Titan Scientific Co. Ltd, Shanghai) and Sigma
(Sigma-Aldrich Co.).
2. Preparation of CuO Nanostructures
2-1. Synthesis of CuO via Chemical Precipitation Method

The preparation was according to the reported literature [27].
1.20 g of Cu(CH,COO),-H,0 was dissolved in 300 mL of distilled
water in a round-bottomed flask equipped with a refluxing device.
1.00 mL glacial acetic acid was added by providing continuous mag-
netic stirring; a blue solution appeared. This blue solution was then
heated to 40 °C, 0.80 g of NaOH (s) was quickly added into the
solution, and then again heated to 100 °C for 30 min, where a large
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amount of brownish-black precipitate was produced. After cool-
ing to room temperature, the precipitate was centrifuged, washed
once with distilled water, and dried at 80 °C in a vacuum oven for
the whole night. This sample is labeled as catalyst 1.

2-2. Synthesis of CuO via a Microwave-assisted Method

The preparation was according to the reported literature [28].
Typically, 2.50 g of CuSO,-5H,0 and 8.823 g of C;H;Na;0,-2H,0
were dissolved in 98 mL of distilled water, followed by the addi-
tion of 2 mL of EG, along with magnetic stirring for 30 min. Then
60 mL of NaOH (10.00 g, about 35 s) solution was added to form
a dlarified dark-blue solution. After stirring for 60 min, the solu-
tion was transferred to a Teflon autoclave. The vessel was sealed and
placed in the programmable microwave system equipped with a
magnetic stirrer. The oven was heated to 120 °C for 5 min by micro-
wave irradiation and maintained there for another 15 min. After
cooling to room temperature, the precipitate was collected by vac-
uum filtration, washed with water and ethanol, and dried at 80 °C
in a vacuum oven for the whole night. This sample is labeled as
catalyst 2.

Catalyst 3 was also synthesized the same way as catalyst 2; how-
ever, the only difference in the synthesis method was that it was
synthesized without the addition of C;H;Na,O,-2H,0.

2-3. Synthesis of CuO via Calcination Method

The preparation was according to the literature with a little mod-
ification [29]. Catalyst 4 was obtained via calcination of Cu(NO;),-
3H,0 in the muffle furnace with temperature programming. Typ-
ically, 1.0 g Cu(NO,),-3H,0 was first heated to 150 °C and main-
tained at this temperature for 120 min. Then the temperature was
raised to 400 °C for another 240 min. The heating rate was 10 °C-
min~' during the whole process.

3. Characterization

BET surface areas were measured with Brunauer-Emmett-Teller
(BET) equipment provided by JW-BK, China. Characterization pow-
der X-ray diffraction (PXRD) data were acquired using a Rigaku
D/max-ga X-ray diffractometer, Japan, at a scan rate of 6° per min-
ute in 2 ranging from 5 degrees to 80 degrees with Cu K radia-
tion (=1.54178 A). Hitachi SU8010 microscope, Japan, was used
and operated at 5kV to obtain images of field emission scanning
electron microscopy (FESEM). The concentration of copper ion
was measured by atomic absorption spectrometry (AAS) (Agilent
240 FS AA, USA). In situ DRIFTS measurements were conducted
using a Tensor II FT-IR spectrometer EQUINOX-55 (Bruker, Ger-
many) equipped with an in situ diffuse reflectance cell (Harrick).
The Raman-scattering (LabRAM HR Evol, HORIBA) measure-
ments were carried out at room temperature with the He/Ne laser
(532nm) at 2cm’" in the range between 40 and 1,000 cm™". Trans-
mission electron microscopy (TEM) was carried out by using JEM-
2010F (Eurofins Nanolab Technologies, USA) coupled with a digital
charge device. The electron spin resonance (ESR) measurements
were used in a JES FA300 (Jeol, Japan) Spectrometer, using 5, 5-
Dimethyl-1-Pyrroline-N-Oxide (DMPO) as the radical capture agent.
4. Water Oxidation Reaction

The chemocatalytic WOR was studied as follows. The reaction
vessel (20 mL) contained 10 mL of a certain concentration of NaOH
solution and a certain concentration of Na,S,0; at room tempera-
ture, then proceeded with the addition of a specific amount of as-
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prepared catalyst in the solution under agitation. The rubber sep-
tum was used to seal the reaction vessel and purged with Ar gas
for 3 min to remove the air present in the headspace of the vessel.
To avoid the effect of light, the vessel was covered with tin foil paper.
The evolved oxygen was detected and analyzed using gas chroma-
tography with a thermal conductivity detector (Shimadzu GC-14B)
and a 5A molecular sieve column (2 mx4 mm) having Ar as a
carrier gas.

RESULTS AND DISCUSSION

1. Characterization of CuO Nanoparticles
The crystal phases of four individual morphologies of CuO
were investigated by XRD analysis (Fig. 1(a), (), (e), and (g)). The
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diffraction data followed JCPDS cards of CuO (catalyst 1: JCPDS
48-1548; catalyst 2: JCPDS 80-1916; catalyst 3: JCPDS 72-0629;
catalyst 4: JCPDS 80-0076). All the pointed peaks indicated that
CuO was well-crystallized, and no impurity peak could be ob-
served in the XRD pattern.

FESEM was used to analyze the morphologies of CuO obtained
via different synthetic methods. The FESEM images revealed that
their morphologies were quite different (Fig. 1(b), (d), (), (h)) due
to their diverse synthetic methods.

Catalyst 1 presents a shuttle-like shape with a smaller size rang-
ing from 200-450 nm, and its surface is rough due to numerous
small raised bumps (Fig. 1(b)). The CuO product prepared by the
microwave method shows a much larger size than the former one,
which reaches the micron scale.

Fig. 1. XRD patterns and FESEM images of various morphologies of CuO (Catalyst 1: (a) and (b); catalyst 2: (c) and (d); catalyst 3: () and

(f); catalyst 4: () and (h)).
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Fig. 2. (a) Raman spectrum of different catalysts of CuQ; (b) In-situ FTI-IR spectra of different morphologies of CuO.

In the presence of C;H;Na;O,-2H,0, the shape of CuO is like a
sea urchin (catalyst 2) with a fairly uniform size of 3 mm (Fig. 1(d)).
Without C;H;Na;O,-2H,0, catalyst 3 appears as long striped, like
a thin leaf (Fig. 1(f)). The morphology of catalyst 4 presents an irreg-
ular block-like with a smooth surface (Fig. 1(h)).

Raman and DRIFTS measurements were carried out to certify
whether there were any functional groups on the surface of CuO.
Fig. 2(a) was the Raman spectra of four products. CuO has two
molecules per primitive cell and C;" space group symmetry. The
equation associated with a primitive cells lattice vibrations is as fol-
lows:

I 24=4A,+5B,+A+2B, )

Group theory predicts 12 vibration modes, three of which are
active Raman modes (A,+2B,), and the others are infrared and
acoustic modes (3A,+2B,) and (A,+2B,).

The Raman spectra show the A, active mode of CuO nanopar-
ticles at the strongest peak, ie., 274 cm ™', where A, mode corre-
sponds to phase rotations and stretching vibrations and the ob-
served pattern well matches the previously reported literature [30].
The characteristic peak of catalyst 4 moves to a high wave num-
ber (296 cm™'), which may be related to its different surface state.

The DRIFTS measurements were conducted (Fig. 2(b)). The
broad peak between 3,510 and 3,200 cm™' is due to surface OH
singly coordinated to CuQ. From the results, it can be concluded
that CuO-OH has been expediently synthesized [31]. However, pure
CuO can be obtained by the calcination method in a muffle fur-
nace. In this work, three different morphologies of CuO-OH and
pure CuO were successfully synthesized.

2. Catalytic Performance in WOR

The O, contents in the headspace of the bottle were analyzed by
GC. As the results are shown in Fig. 3, four catalysts display differ-
ent performances since different amounts of O, evolution were
observed. The maximum oxygen rate of catalyst 1 can reach as
high as 1,833 umol-h™"-g" (Fig. 3) and 2,900 umol-h™"-g"' (ESI Fig.
S2). Catalyst 2 and catalyst 3 also display good catalytic activities.
However, catalyst 4 exhibits poor catalytic activity in WOR. The
results are consistent with those shown in Fig. 2(b), indicating that
the hydroxyl group on the surface of copper oxide plays a crucial
role in the catalytic reaction. There was no O, evolution when only
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Na,S,0; or any catalyst was used.

As shown in Fig. 3, the catalytic property shown by catalyst 1
was the best of the four, so several control experiments were per-
formed. NaOH plays an important role, and its role was deduced
in the following mechanism discussion.

After comparing the effects of various NaOH concentrations
(0.01-1.00 M), 0.10 M NaOH was selected as the optimal one (ESI
Fig. S1). Then, the optimal Na,S,0; concentrations and most suit-
able catalyst dosage were 60 mM and 10 mg, respectively (Fig. S2-
S3). Finally, the stability of catalyst 1 was evaluated, and even after
the fifth run, it still exhibited excellent catalytic activity (ESI Fig.
S4-S6). The leached-out experiment was carried out. The results of
AAS indicated that a minimal amount of Cu** (only 0.10%) exuded
from catalyst 1. Then the supernatant was removed and another
20 mM Na,S,0; was added, and after reacting for 6 h, only trace
amounts of O, could be detected. The results demonstrated that
the real catalyst was CuO rather than Cu™".

3. Catalytic Performance
3-1. Factors Affecting the Catalytic Activity
The four catalysts with different morphologies exhibit distin-
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Table 1. BET surface areas of different morphologies of catalysts

Sample BET surface area (m*-g ")
Catalyst 1 50.7
Catalyst 2 10.9
Catalyst 3 183
Catalyst 4 27.8

guishing catalytic properties, especially catalyst 4. Several charac-
terizations were carried out to reveal the main factor affecting the
catalytic performance.

The data of BET surface areas are listed in Table 1. The results
show that catalyst 1 occupied the largest surface areas, attributed to
the small size and the small particles on the rough surface. Cata-
lyst 4 had the second-largest surface area, but its catalytic perfor-
mance was the worst. The results indicate that BET surface area
was not the main factor that affected the catalytic performance.

Then from the HR-TEM images, the distance of lattice fringes
was measured. Fig. 4(a) is the image of catalyst 1 with the lattice
spaces of 0.23 nm, which was matched well with the (1 1 1) plane.
The lattice spaces of 0.27 nm correspond to the (1 10) facet of cat-
alyst 2 (Fig. 4(b)). Catalyst 3 (Fig. 4(c)) presents a (—1 1 1) plane for
the lattice spaces of 0.25 nm. The lattice spaces of catalyst 4 (Fig.
4(d)) was 0.23 nm, which is consistent with the (11 1) facet. The
results of HR-TEM suggest that the catalytic activity of different
morphology of catalysts has no direct relationship with the crystal
lattice plane.

Comparative experiments were further done. Catalyst 1 was calci-
fied under the same reaction condition as catalyst 4.

Fig. 5(a) and (b) present the FESEM images of catalyst 1 before
and after calcification, respectively. The surface after calcification
became much smoother, with a smaller surface area (24.0 mz-g"l),

and the catalytic activity was much poorer than that before calcifi-
cation (Fig. 5(c)). Fig. 5(d) shows the FT-IR spectra of catalyst 1
before and after calcification. The very broad peak between 3,510
cm ' and 3,200 cm ™" disappeared after calcification due to the sur-
face OH coordinated to CuO. These results may conclude that the
surface OH of the CuO was the critical factor that determined the
catalytic performance. This conclusion can be further confirmed
in Fig. 2(b), Fig. 3, and Table 1. Fig. 2(b) shows that the broad peak
that appeared between 3,510 cm ™" and 3,200 cm ™ of catalyst 2 was
more substantial than catalyst 3, which means the catalytic prop-
erty of catalyst 2 was better than the catalyst 3 (Fig. 3), although
the former had a larger BET surface area (Table 1).

3-2. Reaction Mechanism

To study which kind of radicals were generated in WOR, elec-
tron spin resonance (ESR) was performed by using 5,5-Dimethyl-
1-Pyrroline-N-Oxide (DMPO) as the radical capture agent. Results
of Fig. 6(a) depicting the presence of SO;” and HO' radicals and
the rate of generation of these radicals firmly increased over time.
These results evidently explain the key role of these radicals gener-
ated during the reaction, for O, evolution.

Ordinarily, persulfate ions in the presence of ultraviolet (UV)
light, heat, and some metal catalysts can oxidize reductants by pro-
ducing sulfate and hydroxyl radicals. Therefore, there are two types
of active species (sulfate and hydroxyl radicals) in the WOR [32].
To investigate the main active species in WOR, two different radi-
cal capture reagents were used. Tert-butyl alcohol (TBA) and metha-
nol (MA) were selected as the probe reagents for radicals in this
study because they are stable in alkaline solutions. MA can com-
bine hydroxyl and sulfate radicals, as it contains o~hydrogen, while
TBA without a-hydrogen only immediately reacts with hydroxyl
radicals [33].

In the beginning, to verify if the persulfate could be active in the
alcohol to evolve the oxygen, the reaction conditions for the experi-

Fig. 4. High-resolution TEM images of different morphology of catalysts ((a) catalyst 1; (b) catalyst 2; (c) catalyst 3; (d) catalyst 4).

Korean J. Chem. Eng.(Vol. 40, No. 11)
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ment were kept the same except that MA or TBA replaced the NaOH
solution, and there was no oxygen evolved. Based on this result,
we believe that MA and TBA would capture the radicals in WOR
rather than be oxidized by persulfate to produce oxygen.

The amounts of O, generated after 6h with radical capture
reagents in different reaction systems are shown in Fig. 6(b). Reac-
tion systems 1, 2, and 3 with varying concentrations of Na,S,0; (5,
20, and 60 mM) were studied to investigate the radical mecha-
nism.

Take reaction system 1, for example. When there were no radi-
cal capture reagents in the reaction, the amount of O, evolved was
20.08 umol after 6 hours. While adding TBA, O, was decreased to
1647 umol, and the yield of O, was kept at 83.0% compared to
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the former. This result was connected with the deficiency of hydroxyl
radicals. In the presence of MA, only a trace amount of O, evolved
in the reaction system.

Reaction systems 2 and 3 had similar results as that 1. The amounts
of O, were 53.84 pmol and 86.98 umol, respectively, when radical
capture reagents were not used. In the presence of TBA, the amounts
of O, were decreased to 40.33 umol and 62.05 umol, respectively,
which kept 74.9% and 71.4% of O, evolved in reaction systems 2
and 3. Only a minute quantity of oxygen production was detected
when MA was employed. These results indicated that when CuO-
OH was used as a catalyst in WOR, the sulfate radicals produced
were mainly used to evolve O, without transforming to HO" radicals.

From these results, it could be concluded that the CuO-OH
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OH™

Fig. 7. Catalytic mechanism of CuO-OH in the water oxidation reaction.

could activate persulfate ions in the dark to produce sulfate radi-
cals efficiently at room temperature. It promoted the sulfate radi-
cals to immediately carry out the hydroxide-mediated deprotonation
steps in WOR as the primary oxidant without evolving into hydroxyl
radicals.

Based on the obtained results and proposed deprotonation mech-
anism by SERS [25], a mechanism of CuO-OH for activating per-
sulfate in WOR could be proposed in Fig. 7. In the beginning, the
persulfate interacted with the Cu and OH on the surface of CuO-
OH, which activated persulfate ions to generate sulfate ions and
sulfate radicals. Then a molecular H,O participated in forming an
aqua-complex. The nucleophilic attack of hydroxide allowed the
sulfate radical on the surface of CuO-OH to accept an electron
from H,0 to generate another sulfate and produce CuOOH on
the catalyst’s surface. The CuOOH could further form CuOO™ and
a hydroxide. The deprotonated negatively charged O, present on
the surface would evolve O, [25].

Based on this mechanism, it could be better understood that
the primary oxidant in the WOR is the sulfate radicals rather than
hydroxyl radicals, since the sulfate radicals produced were directly
used to evolve oxygen instead of transforming to hydroxyl radicals.
The catalyst showed its optimal catalytic performance in 0.1 M
NaOH since the deprotonation of hydroxide promoted the WOR;
however, when the concentration of NaOH is higher, this would
produce excess CuO-OH and less Cu vacancy on the catalyst sur-
face, which would be no good for connecting and activating per-
sulfate. On the other hand, a strong alkalic solution would accelerate
the corrosion of the catalyst.

CONCLUSIONS

Metal hydroxide and oxide are well-known as promising cata-
lysts for water oxidation reactions (WOR), but their catalytic path-
ways are still under discussion. This paper proposes a simple and
facile strategy to synthesize CuO-OH and pure CuO. The catalytic

properties of as-prepared CuO-OH and pure CuO were examined
in WOR, and the results revealed that CuO-OH exhibited excel-
lent activity, while pure CuO showed much worse. BET and HR-
TEM results disclosed that the surface area and the lattice plane
were not the main factors that affected the catalytic performance.
By comparing the catalytic performance of catalyst 1 before and
after calcification, we discovered that the hydroxyl group on the
catalysts surface plays a crucial role in WOR. Two kinds of radical
capture reagents were employed in the WOR, and the results revealed
that the main active species are sulfate radicals. Based on the results,
the mechanism of CuO-OH as a catalyst in WOR was correspond-
ingly proposed: the CuO-OH could activate persulfate to produce
sulfate radicals which could oxidize water into oxygen by a depro-
tonation process.
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