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Porous CuO micro-/nanostructures with clean surface, prepared through Cu,(OH),COj; precursor followed by
calcination in air, were proven to be an effective peroxidase mimic. They can quickly catalyze oxidation of the per-
oxidase substrate 3,3',5,5'-tetramethylbenzidine (TMB) in the presence of H,O,, producing a blue color. The ob-
tained porous CuO micro-/nanostructure have potential application in wastewater treatment. The apparent
steady-state kinetic parameter was studied with TMB as the substrate. In addition, the potential application of the
porous CuO in wastewater treatment was demonstrated with phenol-containing water as an example. Such investi-
gation not only confirms the intrinsic peroxidase-like activity of micro-/nanostructured CuO, but also suggests its

potential application in wastewater treatment.

Keywords CuO, 3,3',5,5'-tetramethylbenzidine, peroxidase, enzyme, porous micro-/nanostructures

Introduction

Over the past decades, various physical and chemi-
cal methods have been devoted to the preparation of
nanoscale solid materials because of their unique size,
shape, and structure-dependent properties.!'* Exploiting
the new properties and potential applications of the
prepared nanoobjects now becomes one of the most at-
tractive aspects in nanoscience. Functional nanomateri-
als acting as enzyme mimic have recently been known
and became a hot research topic because of their intrin-
sic advantages such as greater resistance to extremes of
pH and temperature range.

As a type of efficient biological catalyst, enzymes
are involved in almost all reactions in vivo and demon-
strate high efficiency and high specificity but with mild
conditions. Enzymes also have a wide range of applica-
tions including clinical diagnosis, chemistry, biotech-
nology, environmental science.”] However, they bear
intrinsic drawbacks such as limited natural sources, dif-
ficult and high-cost purification processes, low stability,
and sensitivity of catalytic activity to external condi-
tions, all of which restrict their wide applications."!
Therefore, the searching of efficient enzyme mimics is
an important issue.’) Among the many enzymes, per-
oxidase attracts much attention because it can efficiently
catalyze the oxidation of electron donors by hydrogen
peroxide, which is an important intermediate product of
many biological reactions. Since the first re?ort of
Fe;0, nanoparticle-based artificial peroxidase,” engi-

neering of nanoscale solids that mimic peroxidase has
received great attention.

In recent years, several common nanomaterials have
been found to show intrinsic peroxidase-like activity
including sheet-like FeS nanostructures,'® spherical
CeO, nanopaﬂicles,[7] carbon nanomaterials,[g'lo] noble
metal nanostructurest''"*! and V,0s5 nanowires.'¥ The
newly found peroxidase-like functions enable them to
be potentially applied in various bio-detections. It is
proposed that the peroxidase-like activity of Fe-based
nanoparticles relates to the Fenton reactivity of Fe spe-
cies. This inspired us to explore the peroxidase-like ac-
tivity of Cu-based micro-/nanostructures, since Cu and
Fe species are both common Fenton reagents. Recently,
Zheng et al.""> have shown concave Cu$S superstructure
with peroxidase-like activity. Chen e al'% also dem-
onstrated the peroxidase-like activity of CuO nanoparti-
cles. However, few studies were performed in this field
with porous Cu-based micro-/nanostructures. For the
improvement of catalytic activity, porous micro-/nano-
structures are highly preferred, because porous structure
will not only increase their accessible surface area but
also facilitate the mass transport of reagents in the cata-
lytic material.

Herein, porous CuO micro-/nanostructures were
prepared by a precursor route without involving any
surfactants. Owing to the subsequent calcination route,
the obtained CuO product has clean surface and pos-
sesses openly porous structural feature. Thus, they are
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expected to show improved performances in catalysis or
related applications. Their peroxidase-like activity was
then investigated with 3,3'.5,5'-tetramethyl-benzidine
(TMB) as a model substance. It was demonstrated that
the porous CuO micro-/nanostructure with clean surface
exhibited intrinsic peroxidase-like activity, as it could
catalyze TMB oxidation quickly in the presence of hy-
drogen peroxide.

Experimental

All chemicals were of analytical reagent grade and
used as received without further purification. 3,3',5,5'-
Tetramethylbenzidine (TMB) was purchased from
Sigma-Aldrich. Copper nitrate, urea, hydrogen peroxide,
sodium acetate, and acetic acid were purchased from
Sinopharm Chemical Reagent Co. Deionized water was
used in the experiment.

The porous CuO micro-/nanostructures were synthe-
sized by a precursor route reported previously by our
group.'”! Typically, 2.3 g of Cu(NO3),*3H,0 and 1.7 g
of CO(NH,), were orderly dissolved into 25 mL of dis-
tilled water. The obtained mixture was then vigorously
stirred for 30 min and then sealed into 30 mL Tef-
lon-lined stainless steel autoclave, which was heated to
180 C and maintained at that temperature for 5 h. The
as-formed precipitate, Cu,(OH),CO; precursor, was
separated by centrifugation, washed with distilled water
and ethanol for several times, and dried in vacuum.
Control experiment shows that the Cuy(OH),CO; pre-
cursor can be obtained with reaction time of 5—12 h.
Porous CuO micro-/nanostructures were obtained by
further calcining the precursor in air at 450 ‘C for 4 h.

Peroxidase-like activity investigation: For a typical
catalytic reaction, 5.5 mL of acetate buffer (pH=4.0)
was incubated at 25 °C. Firstly, 3 mg catalyst (CuO)
was dispersed in the above solution. Then, TMB (40 pL,
10 mg/mL in dimethylsulfoxide) and H,O, (7 pL, 10
wt%) were added as substances with their concentra-
tions of 0.3 and 3.6 mmol/L, respectively. With the re-
action proceeding, the solution turns to blue color. After
30 min, the ultraviolet-visible (UV-vis) spectra meas-
urements and photographs were taken. The absorbance
of the TMB-derived oxidation product was examined at
652 nm. Controlled experiments were conducted with
different concentrations of TMB, commercial CuO
powder, different incubation time. Michaelis constants
were obtained by varying the concentrations of TMB.

The phase of the as-synthesized product was charac-
terized using X-ray powder diffraction (XRD, Shimadzu
XRD-6000) with Cu Ko radiation (1=1.5406 A). The
morphology and size of the product were examined by
scanning electron microscopy (SEM, H-4800) and
transmission electron microscopy (TEM, JEOL-2100).
UV-vis spectra were obtained on an UV-3000 spectro-
photometer. The electron spin resonance (ESR) meas-
urement was performed on an EMX-10/12 electron-spin
resonance spectrometer. The Brunauer-Emmett-Teller
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(BET) surface area of the CuO sample was tested using
an ASAP 2010 sorption analyzer.

Results and Discussion

A simple precursor route was used for the prepara-
tion of the porous CuO micro/nanostructures.' ) First,
Cuy(OH),CO;3 precursor comﬂ)osed of platelet-like
building blocks was prepared.!"” The following calcina-
tion of the precursor produces CuO architectures with
openly porous feature and preservation of their premor-
phologies. The obtained CuO product was firstly char-
acterized by using XRD, which is shown in Figure 1.
For comparison, the standard pattern of CuO is also
shown. The XRD pattern agrees well with the standard
one with JCPDS No. 65—2309, suggesting pure phase
CuO product was obtained (Figure 1). The sharp peak
indicates its high crystalline. No impurities were de-
tected.
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Figure 1 XRD pattern of the CuO product. The standard pattern
of CuO is also shown.

Figure 2 shows the SEM and TEM images of the
obtained CuO sample, which reveals the porous struc-
tural feature with pores size of 20—30 nm. BET inves-
tigation of the CuO product provides a surface area of
about 18 m?/g, with main pore size of about 20 nm and
pore volume of 0.13 cm’/g.!"”! This is consistent with
the TEM observation. The surface area is quite larger
than that of commercial CuO powder (ca. 0.1 m%/g).
The openly porous structure provides a bigger surface
area and facilitates the mass transport in it. Benefited
from the calcination procedure in air, the porous CuO
product has good crystalline and clean surface without
any bonding or adsorbing of surfactant molecules. This
is in contrast to the samples obtained with direct solu-
tion route, on the surface of which some organic or sur-
factant molecules often exist. In addition, the calcina-
tion in air with suitable temperature fully oxidizes the
product and so makes the sample comprise of pure CuO
phase without the presence of Cu,O. These factors make
the obtained CuO product an excellent model to study
the intrinsic peroxidase-like activity of Cu-based nano-
materials.

To investigate the peroxidase-like activity of the
synthesized porous CuO micro-/nanostructures, the
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Figure 2 (a) SEM and (b) TEM images of the porous CuO mi-
cro-/nanostructures.

catalytic oxidation of the peroxidase substrate TMB in
the presence of H,O, was tested. The reaction scheme is
shown as follows. With the catalysis of peroxidase,
TMB can be oxidized by H,O, forming a blue interme-
diate, which is a charge-transfer complex and usually
observed quickly. If with stronger acidic condition, the
final product, a yellow diimine, will be obtained.!"® The
formation of the blue intermediate provides an obvious
colorimetric method and is often used as a model reac-
tion to investigate the peroxidase-like activity of various
samples.

CHj CHs CH, CH3
H202 +
H -e
CHs CH3 CHgy CH3
H* lHZOZ (blue)
-e
CHs CHs
=) )=
(yellow)

The experiments were firstly conducted with TMB
and CuO product in the presence and absence of H,O,,
respectively. As shown in the digital figure in the inset
of Figure 3A, the porous CuO product does not show
obvious catalytic activity for the substrate in the absence
of H,O,. Then, we studied the reaction between TMB
and H,0, with or without CuO. Figure 3A shows the
UV-vis spectra of the reaction system in acetate buffer.
It is clear that the solution system with CuO product has
stronger absorption peak at 652 nm, in contrast to the
lower absorption without CuO, suggesting that the po-
rous CuO micro-/nanostructures have peroxidase-like
activity. The oxidation intermediate product of TMB
shows a typical absorbance at 652 nm and so the initial
oxidation rates can be evaluated by monitoring the ab-
sorbance increase at this wavelength.!'®!

Similar to other enzyme mimics, the catalytic activ-
ity of the porous CuO micro-/nanostructures is depend-
ent on pH. Acetate buffers with pH range of 2.6—5.8
were selected for studying the reaction. Figure 3B
shows the pH dependent peroxidase-like activity. The
catalytic oxidation of TMB with H,0; in the presence of
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Figure 3 (A) UV-vis spectra of TMB-H,0, solution (a) without
porous CuO micro-/nanostructures and (b) with them. The insets
show the digital pictures of TMB-CuO systems with or without
H,0,. (B) Dependence of the peroxidase-like activity on pH.

porous CuO micro-/nanostructures was much faster in
acidic solution with lower pH values. The CuO product
shows the isoelectric point of about 9.5.'°! In the
NaAc-HAc buffer solution with pH of 2.6—5.8 (lower
than the isoelectric point of CuO), a layer of —OH,"
would absorb on the CuO surface. This would facilitate
the absorption of TMB molecules to CuO surface and
thus promote the catalytic oxidation of TMB with H,0,.
The buffer with pH of 4.0 was then selected for the fol-
lowing experiments considering the possible instability
of CuO in stronger acidic solution, although no dissolu-
tion of CuO product was observed in these buffer solu-
tions during the test process. To investigate the dissolv-
ing of Cu®” ions from the CuO product in the reaction
buffer solution, the CuO product was incubated in the
buffer solution with pH of 4.0 for 30 min, then the CuO
solid sample was removed. The catalytic activity of the
remaining solution was tested with the same conditions.
No obvious catalytic activity was observed. This reveals
that the observed peroxidase-like activity originates
from the CuO solid rather than the leached Cu’"
ions. !>

The improved catalytic activity of the porous CuO
micro-/nanostructures is revealed by the comparison
experiment. Figure 4 presents the time course curves of
the reaction system catalyzed by porous CuO mi-
cro-/nanostructures and commercial CuO powder within
30 min. The commercial CuO powder with BET spe-
cific surface area of about 0.1 m“/g does not show obvi-
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Figure 4 A time-dependent catalytic activity of porous CuO
micro-/nanostructures and commercial CuO powder.

ous peroxidase-like activity. Thus, the higher peroxi-
dase-like activity of porous CuO micro-/nanostructure
can be ascribed to its openly porous microstructure,
which enables it to have larger specific surface area,
providing more active sites for the activity reaction.!'!
This further demonstrates that the peroxidase-like activ-
ity is based on the intact CuO product. A Fenten-like
mechanism may act in the catalytic oxidation process,
where the porous CuO product catalyzes the transfor-
mation of H,O, to hydroxyl radicals. The latter then
oxidizes the TMB molecules. To clarify this issue, an
ESR technique was used. First, we investigated the
aqueous H,0, solution by ESR technique, which
showed no signal. Then, porous CuO product was added
in the H,O, solution. As shown in Figure 5, a relatively
obvious HO* signal was detected in H,O, solution (as
shown by the noted frame). This indicates that HO*
radicals are formed in the system, as also observed in
the system of H202+Fe304,[20’21] and suggests that the
CuO products catalyze the formation of HO*. Thus, a
Fenten-like mechanism may act in the TMB catalytic
oxidation process. In addition, the CuO micro-/nano-
structures may also facilitate the electron transfer proc-
ess between TMB and H,0,, promoting the catalytic
reaction. While, indeed, a definite catalytic mechanism
needs further research.

H202 + CuO

3450 3500 3550 3600 3650
Magnetic field/G

Figure 5 ESR spectra of *OH radicals in the systems of H,0,
or H,0,+CuO. Conditions: 3.6 mmol-L™" of H,0, or with 3 mg
of porous CuO product.
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where V,, is the reaction rate, V. 1S the maximum reac-
tion rate, [S] is the substrate concentration, and K, is
the Michaelis constant which is equivalent to the sub-
strate concentration at which the rate of conversion is
half of V.x and denotes the affinity of enzyme to the
catalyst. Figure 6a shows the TMB concentration de-
pendent absorbencies. The corresponding 1/V—1/[S]
curve is shown in Figure 6b. Through the slope, the K,
value of porous CuO was determined to be 0.14 mmol/L,
which is lower than those of horseradish peroxidase
(HRP) and Fe304 nanoparticles.[23’24]

The K, value obtained with porous CuO is a little
higher than the reported CuO nanoparticles (Table 1).1'*!
Usually, an enzymatic reaction is modeled as a two-step
process:1**! the binding of substrate (S) to enzyme (E)
and formation of an enzyme-substrate (ES) complex,
followed by an irreversible breakdown of the ES com-
plex to free enzyme and product (P).

kl k2
E+S———ES——E+P 2)
—1
Km— — 3)
ks

Therefore, K., is determined by ki, k_; and k, as shown
in Equation (3). Decreasing k; or increasing k_; and/or
ky will results in an increase in Ky,. In our case, porous
CuO has a bigger surface area, which causes a bigger k;
and so a smaller K;,. On the other hand, the bigger sur-
face area also results in an enhancement in catalytic ac-
tivity, inducing a bigger k,. If the influence of & is lar-
ger than that of ky, it will give rise to a bigger K,,,.

The K, value of the porous CuO was also calculated
and compared with that of HRP, CuO nanoparticles, and
Fe;04 nanoparticles (Table 1). Commercial CuO pow-
der was not compared because no obvious catalytic ac-
tivity was observed in our experiment. The porous CuO
shows a relatively lower K, value, while it has a com-
parative Vi, value with Fe;04 nanoparticles.[s] The re-
ported K, values have a wide range even with the same
material. The porous CuO shows relatively lower Ky
value when compared with HRP or Fe;O4 nanoparticles,
which would relate to the lower concentration of H,O,

Chin. J. Chem. 2014, 32, 151—156



Intrinsic Peroxidase-like Activity of Porous CuO Micro-/nanostructures with Clean Surface

CHINESE JOURNAL OF
CHEMISTRY

1.0
(@) I
é 0.8 I 1
) . 1
[(e]
= 0.6
[0}
2
< 0.4
2 Y
8 ! 4
2 021 {
0.0 03 06 0.9
Concentration of TMB/(mmol-L™")
6.00x10°
— (b)
g 4.50x10%
£ _—*
|
) 5 =
< 3.00x10° /
s .y
S . o K,=0.14
1.50x10° . )
X {// Vinax =1.45x10° mmol-L-1s™
10 20 30 40
@/c.. )(L-mmol™)

T™MB

Figure 6 Kinetic analysis for porous CuO product. (a) The
absorbance obtained in 5.5 mL acetate buffer (pH=4.0) at 25 C
in the presence of 15 mmol/L H,0,, 3 mg porous CuO and TMB
with different concentrations. (b) Double-reciprocal plots of ac-
tivity at a fixed concentration of H,O, (15 mmol/L) and varying
concentration of TMB.

used in our experiment. It is believed that the catalytic
activity of porous CuO can be further improved by a
suitable chemical modification, since the activity is also
surface group and charge dependent.!®!

Table 1 Comparison of the kinetic parameters

K/(mmoleL™) Vy/(mmoleL ™ es™) Ky /s~

HRP™! 0.434 1.0Xx107 4%10°
CuO nanoparti- . 5
0.016 4.0X 107 8X 10~
cles!'®
Fe;04 nanopar- 5 .
) . 0.098 3.44X10™ 3.02X10
ticles!™
Fe;04 nanopar- . .
) - 0.17 1.7X10™ 7.68X10~
ticles!”
Fe;04 nanopar- 4 20—11.4
) 2% 0.22—0.71 0.42—2.4X10" s
ticles!® X10~
Porous CuO’  0.14 1.45X107° 2.12X107°

“ Catalytic constant derived from ke, = Viax/[cat]. b Conditions: 25
C, 5.5 mL acetate buffer (pH=4.0),15 mmol/L H,0,.

The observed catalytic activity of CuO would be
used for the treatment of waste water. We then tested
the applicability of the porous CuO for catalytic treat-
ment of phenol-containing water (Figure 7). After the
porous CuO, H,0, were added into the phenol-contain-
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ing water, the obtained mixture was stirred for 60 min.
The phenol removal was studied by UV-vis spectrum
monitored at about 275 nm. After the treat process, the
characteristic peak at 275 nm decreases, accompanied
with the increasing absorption between 300—500 nm
possibly corresponding to the oxidation products.?*!
This demonstrates the potential application of the po-
rous CuO with intrinsic peroxidase activity.

0.94| .
i Original phenol aquerous
@
o 0.61 "g
2 \
] \
-g Phenol solution treated
§ 031 | [ [\ with H20 + CuO for 60 min
~
~\,%’(%b)
0.0 e
200 300 400 500 600 700 800
Wavelength/nm

Figure 7 UV-vis spectra monitoring phenol treatment. (a) The
original phenol aqueous solution (50 mg/L), (b) the phenol
solution treated with H,O, (0.5 mol/L)+CuO (0.3 g/L) for 60
min.

Conclusions

In summary, through a precursor route, porous CuO
micro-/nanostructures with clean surface were prepared,
which show intrinsic peroxidase-like activity demon-
strated with TMB as the substrate. The porous CuO mi-
cro-/nanostructures have higher peroxidase-like cata-
lytic activity than commercial CuO powder. In addition,
the potential application of the porous CuO in waste
water treatment was demonstrated with phenol as a
model pollutant. Our present study provides a new per-
oxidase catalyst, which has potential application in col-
orimetric detection of H,O,, glucose, cholesterol and in
waste water treatment.
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