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Abstract: In order to investigate the catalytic degradation efficiency of
Zn0O/Cu0 composite, the nanocomposite was synthesized via one-pot method
and the template of SDS. The ecrystal structure, microscopic morphology,
chemical composition, specific surface area, pore size distribution and optical
absorption property of the composite were characterized. Under the irradiation
of xenon lamp, the photocatalytic performance of the composite was evaluated
by degrading methylene blue (MB). The aforementioned characterization
determined that' the synthesized composite consisted of ZnO (hexagonal
wurtzite) and- Cu,O (cubic crystal). Due to the mediation of SDS template, the
particles were nanoscale with uniform distribution of Cu, Zn, and O elements
and contained abundant mesopores. The photo-response range of the composite
expanded to the visible region because of the combination of ZnO and Cu,O.
Degradation ratio of MB catalyzed by ZnO/Cu,0O maintained about 92% within
100. minutes after five recycling, demonstrating promising potentiality for
photocatalytic applications. The enhanced photocatalytic performance maybe
related to the mediation of SDS during the preparation process and the synergy
effect between ZnO and Cu,O.

Keywords: SDS; template; ZnO/Cu,O; photocatalytic degradation.
INTRODUCTION

In recent years, wastewater pollution has got increasingly serious with the
rapid development of industrialization. Dyes, pesticides, antibiotics, and other
organic pollutants which are difficult to degrade in wastewater seriously threaten
the safety of water ecosystem and human health. Photocatalytic degradation, as a
high-efficiency and environment-friendly wastewater treatment technology, has
attracted much attention in recent years.!* ZnO,® CdS,” WO03,® TiO2,° Cu20,°
SnO2,!'! and so on, have once been selected as semiconductor photocatalysts to

* Corresponding author. E-mail: yaochengli@hfnu.edu.cn
https://doi.org/10.2298/JSC251115005L



mailto:yaochengli@hfnu.edu.cn
https://doi.org/10.2298/JSC251115005L

Lletal

degrade organic pollutants in wastewater, however, the photocatalytic
performance of a single catalyst is not high. Taking Cu20 as an example, as a p-
type semiconductor with a narrow band gap (E.=2.1 eV), it was once considered
as a potential photocatalyst because of its low price, environmental friendliness
and absorption of most visible light.'!° However, the electron-hole pairs generated
in Cu20 after absorbing light energy were easy to recombine quickly. Moreover,
Cu20 was easy to be oxidized in humid environment, so'its photocatalytic
performance was unsatisfactory.'” To improve the photocatalytic performance of
Cu20, the deposition of metals,'? doping of nonmetallic elements,"® recombination
with other materials,'* or construction of heterojunction'® was selected.

As an n-type semiconductor with wide band gap (Eg=3.37 eV), ZnO has
attracted significant attention in recent years by virtue of good chemical stability,
convenient preparation method, non-toxicity and low price.>® '® However, as a
photocatalyst, ZnO can only be excited by ultraviolet light with high energy, which
results in the low utilization efficiency for sunlight and limits its wide application
in photocatalytic field. Relevant literatures suggested that the photocatalytic
property of the composite through combining ZnO with Cu20 was improved
significantly. On one hand, the absorption spectrum of the composite declared a
red shift, which significantly improved the availability of sunlight. On the other
hand, the separation of photo-generated ¢ and h* was effectively promoted due to
the energy level matching of two semiconductor materials.!”

Surfactants. were often used as soft templates to effectively control the
morphology and enhance the dispersibility of materials.'*?° Up to now, the
preparation-and photocatalytic performance of ZnO/Cu20 composite have been
studied,'”'#21-* but it is rarely reported that surfactants are used as templates to
regulate the formation of ZnO/Cuz0. So, it is worthy of exploring sodium dodecyl
sulfate (SDS) mediating the morphology and structure of ZnO/Cu20 as well as its
properties. Here, ZnO/Cu20 composite was prepared via one-pot method with the
template of SDS. The molecules of SDS self-assembled to form ordered aggregates
with specific structures, its hydrophilic groups attracted metal ions, thereby
changed the distribution of metal ions in the reaction system. Due to the mediation
of SDS template, the composite composed of flower-like nano ZnO and Cu20
nanospheres was prepared, which exhibited satisfactory photocatalytic degradation
performance of MB under simulated sunlight. This provided a facile way for the
preparation of economical and efficient photocatalysts for wastewater treatment.

EXPERIMENTAL
Chemicals
Sodium hydroxide (NaOH, AR), glucose (C¢Hi20s, AR), sodium dodecyl sulfate (SDS)
(C12H25SO4Na, AR), zinc acetate dihydrate (Zn(CH;COO),-2H,0, AR), copper acetate
monohydrate (Cu(CH3;COO),-H,O, AR), methylene blue (C,¢HisN3CIS, AR), and absolute
ethanol (C;HsOH, AR). Deionized water was used in the whole experiment.
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Preparation of ZnO/Cu;0 with SDS as a template

1.5g SDS was added into a beaker containing the mixed solution of Zn(CH3COOQ); (0.5
mol/L, 50 mL), Cu(CH3COO), (0.5 mol/L, 50 mL), and glucose (1 mol/L, 25 mL). The beaker
was placed in a water bath (60 °C) and kept magnetic stirring for 30 min. Later, NaOH solution
(2 mol/L, 50 mL) was added into it drop by drop. The mixing process was assisted by magnetic
stirring and lasted for 30 min. The sediment at the bottom of the beaker was collected by
centrifugation. It was washed alternately by water and ethanol three times each, and dried under
vacuum at 60 °C. The desired sample was prepared and named as S1.

Preparation of ZnO/Cu:0, ZnO, and Cu;O

For comparison, ZnO/Cu,0, ZnO, and Cu,O without SDS were also synthesized. The
following procedure described the synthesis steps. The preparation of ZnO/Cu,O composite
without SDS mediating was similar as S1, except that SDS was not added. The obtained sample
was labeled as S2. 50 mL of Zn(CH3COO), solution (0.5 mol/L) was placed in the water bath
(60 °C). Then 25 mL of NaOH solution (2 mol/L) was added into it drop by drop with magnetic
stirring for 30 min. Then, the white precipitation was centrifuged, washed, and dried in an oven
(60 °C) for 24 h. The obtained sample was named as ZnO(S3). 50 mL of Cu(CH;COO), (0.5
mol/L) and 25 mL of glucose (1 mol/L) were mixed with a water bath (60 °C). After 10 min of
magnetic stirring, 25 mL of NaOH solution (2 mol/L) was added into the mixture drop by drop
with a continuous stirring. 30 min later, the brick red precipitation was centrifuged, washed, and
dried under vacuum. Then, it was collected and named as Cu,O(S4).

Characterization

The crystal structure was characterized using an X-ray powder diffractometer (XRD, TD-
3500). The morphology and elemental mapping of the samples were examined using scanning
electron microscope (SEM, SU1510; ZEISS Sigma 360) coupled with an energy dispersive
spectrometer (EDS). The X-ray photoelectron spectroscopy (XPS) was analyzed by Thermo
Scientific K-Alpha spectrometer. The specific surface area was measured by Automated
Surface Area and Porosimetry Analyzer (Micromeritics ASAP 2460). The UV-Vis-DRS
absorption spectra were performed using spectrometer (U3900).

Photocatalytic degradation of MB

Using methylene blue (MB) as a model organic pollutant and a xenon lamp as a simulated
sunlight source, photocatalytic degradation experiments were carried out according to the
procedure detailed in Ref. 6. In short, 150 mg of photocatalysts were put into MB solution (150
mlL, 2.0%10- mol/L) with magnetic stirring continuously for 1 h in dark environment. After that,
the mixed solution was irradiated by a xenon lamp with the light intensity of 100 mW/cm?. The
distance of lamp and solution was 15 cm. The degradation solution (1 mL) was taken out every
20 minutes and centrifuged in the dark. The absorbance of supernatant was monitored by an
UV-Vis spectrophotometer in the wavelength range of 550 ~ 750 nm. The total illumination
time was 100 min. The degradation ratio R was calculated according to the equation (1). In
which, 4y and A4 represent the initial and time-dependent absorbance of MB at 664 nm,
respectively.

Ao-A¢
Ay

R(%) =222t % 100% (1)
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RESULTS AND DISCUSSION

Material characterizations

The XRD patterns of the four samples were shown in Fig.1. For comparison,
the standard powder diffraction files of Cu20 with cubic crystal structure
(PDF#65-3288) and ZnO with hexagonal wurtzite structure (PDF#36-1451) were
also presented. Fig. 1a was the XRD pattern of S4 sample. The diffraction peaks
(marked with *) matched well with those of cubic Cu20 (PDF#65-3288),
indicating that sample S4 was Cu20 with cubic crystal structure. The XRD pattern
of sample S3 was displayed in Fig. 1b. Comparison with the standard powder
diffraction file for hexagonal wurtzite ZnO (PDF#36-1451) indicated that the
diffraction peaks (marked with ¢) corresponded to hexagonal wurtzite ZnO in

sample S3.
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Fig. 1 The XRD patterns of samples: S4(a), S3(b), S2(c) and S1(d).

Figs.1d-c were the XRD patterns of S1 and S2 samples. The characteristic
diffraction peaks (marked with ) corresponded to the (100), (002), (101), (102),
(110), (103), and (112) crystal planes of ZnO with wurtzite structure, respectively.
At the same time, the peaks at 26=36.6°, 42.5°, 61.6°, and 73.9° (marked with *)
matched with (111), (200), (220), and (311) crystal planes of cubic Cu20. These
evidences confirmed that the samples of S1 and S2 were the composite of
ZnO/Cu20. Moreover, the crystal structure of the component was unchanged under
the mediation of SDS. In addition, there was no other diffraction peaks in Figs. 1a-
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d, and the sharp peaks declared the synthesized samples were with good
crystallinity.

Fig. 2 was the XPS spectra of the ZnO/Cu20 (S1) composite. The survey
spectrum (Fig. 2a) indicated that Zn, O and Cu elements were existed in the
composite. In the line spectrum of Zn 2p (Fig. 2b), there existed two dominant
peaks at 1021.8 eV and 1044.7 eV, which was attributed to the Zn 2p3.2 and Zn
2p12 of Zn?" respectively.?* In the XPS data of O 1s (Fig. 2¢), the first peak located
at 530.4 eV, corresponding the lattice oxygen in ZnO and Cu20,'>* the second
peak appeared at the binding energy of 531.7 eV might be attributed to hydration.>
26 As shown in Fig. 2d, two binding energy peaks of Cu 2p were observed at 932.4
eV and 952.3 eV, which were ascribed to those of Cu 2p32 and Cu 2pi12 from Cu”
in Cu20, respectively.'*?"2® In addition, two satellite peaks located at 942.3 eV and
962.1 eV of Cu(Il) were identified, indicating the existence of CuO.? However, it
was worth mentioning that no characteristic peaks of CuO were detected in the
XRD pattern of sample S1, demonstrating that only few Cu20 were oxidized to
CuO on the surface of the composite. It might be due to the surface sensitivity of
the XPS characterization technique. In summary, the characterization of XPS
demonstrated the successful synthesis of ZnO/Cu20 (S1) composite.
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Fig. 2 The XPS spectra of ZnO/Cu,O(S1): survey spectrum (a), Zn 2p (b), O 1s (c), Cu 2p (d).
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Fig. 3 revealed the SEM images of ZnO, Cu0, ZnO/Cu20(S2),
ZnO/Cu20(S1), together with the EDS spectra and elemental mapping images of
ZnO/Cu20(S1). It can be observed that the morphologies of ZnO particles were
irregular, which sizes were in the range of 0.2~1 pum (Fig.3a). Cu20 particles,
ranging from 0.5 to 2.5 um, exhibited polyhedral or spherical shapes with smooth
surfaces (Fig.3b). For ZnO/Cu20(S2) composite (Fig.3c), it could be seen that ZnO
particles adhered to the surface of Cu20, in which, the morphology and size of
Cu20 particles showed little change compared to the pure Cu20 particles (Fig.3b).
Figs.3d-f displayed that the composite of ZnO/Cu20(S1) was consisted of nano-
spherical Cu20 aggregates and flower-like ZnO particles. The aggregates of Cu20
were formed by the self-assembly of Cu20 particles with a size of 50~100 nm. The
size of nano-spherical Cu20 aggregates was obviously smaller than that of Cu20
shown in Fig.3b. Moreover, the size and morphologies of ZnO particles underwent
significant changes comparing with pure ZnO (Fig.3a). Through Figs.3d-f, it could
be found that the particle size of ZnO with flower morphology was about 200 nm.

From the EDS spectra (Figs. 3g-h), the elements of Cu, Zn, and O were
detected, and no other additional elements were found, which confirmed the
composition of ZnO/Cu20(S1) composite. Additionally, it could be seen that Cu,
Zn, and O elements (Figs. 3i-k) were uniformly distributed which further verified
the successful synthesis of ZnO/Cu20(S1) composite with high purity.

1616 | 30.05 | 53.79

Fig. 3 SEM images of ZnO (a), Cu0 (b), ZnO/Cu,0(S2) (c), ZnO/CuyO(S1) (d-f), EDS
spectra (g-h) and elemental mapping images (i-k) of ZnO/Cu,O(S1)
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The change of particle size and morphology of ZnO/Cu20(S1) composite was
closely related to the regulation of SDS. As a surfactant, the molecules of SDS
could form self-assembly aggregates with unique spatial structure when its
concentration reached a specific value. These aggregates with obvious structural
interfaces could act as soft template to induce the formation of the materials with
specific structures, morphologies, and properties. The hydrophilic group of SDS
were negatively charged and attracted Zn®" and Cu®" ions to gather around them
by electrostatic attraction.’®3! Then, the distributions of metal cations in the
solution were changed, and the crystal nucleation sites were regulated. Due to the
template effect, the crystal underwent a controlled ‘growth. The structure and
morphology of the obtained sample were shaped and the desired property was
endowed.

Fig. 4a displayed the N2 adsorption—desorption isotherm of ZnO/Cu20(S1)
composite. The curve accorded with typical type [V isotherm and displayed an
obvious hysteresis loop of type H3, indicating the presence of a large number of
mesopores.*? The specific surface aréa measured by BET method was 17.15 m?%/g.
The pore size distribution calculated by BJH method was shown in Fig. 4b. The
average pore diameter was 11.98 nm. The mesoporous channels can facilitate the
diffusion of reactant molecules into the interior of the material, which endow the
composite with the advantage of adsorption for pollutants and then enhance its
photocatalytic performance.
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Fig. 4 N, adsorption-desorption isotherm (a) and pore size distribution (b) of ZnO/Cu,O(S1)

Fig. 5a showed the UV-Vis-DRS absorption spectra of ZnO, Cu20 and
ZnO/Cu20(S1). It can be observed that ZnO/Cu20(S1) exhibited strong adsorption
in the region from 400 to 800 nm. Comparing with ZnO, the photo-response range
expanded to the visible region. According to the Kubelka-Munk transformation
and Tauc formulas,®3° the band gap energies (Eg) of ZnO, Cu20 and
ZnO/Cu20(S1) were calculated and displayed in Fig. 5b. the Eg value of Cu20 and
ZnO were approximately 1.99 and 3.25 eV, respectively, which were basically
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consistent with previous reports.?’*2 Two Eg values of 2.06 eV and 3.22 eV existed
for ZnO/Cu20(S1) composite. The Eg value of Cu20 in the composite was 2.06
eV, which was larger than that of pure Cu20 (1.99 eV), it lowered the
recombination rate of e/h".* At the same time, the Eg value of ZnO in the
composite was 3.22 eV, instead of 3.25 eV of pure ZnO, the narrowing of the band
gap induced the red-shift of the absorption edge.** The changes of band gap energy
were attributed to successful incorporation of ZnO and Cu20 . in the composite,
which resulting in the enhancement of photocatalytic properties.

20
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Fig. 5 The UV-Vis-DRS absorption spectra (a) and Tauc plot (b) to calculate the band gap
energy

Photocatalytic activity and stability analysis

Fig. 6 presented the UV-Vis spectra of MB solution which underwent
photocatalytic  degradation by the photocatalysts of ZnO/Cu20(S1),
Zn0O/Cu20(S2), ZnO, and Cu20 after different times, respectively. The absorbance
values of the solution decreased at the wavelength of 664 nm (the maximum
absorption peak of MB*¢3%) with the elapse of illumination time, which suggested
that MB was degraded gradually.
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Fig. 6 The UV-Vis spectra of MB solution degraded by ZnO/Cu,O(S1) (a), ZnO/Cu,O(S2)

(b), ZnO(c), and Cu,O(d)

To present the photocatalytic performance more intuitively, the degradation
ratio R was calculated and shown in Fig. 7a. The results showed the relationship
of R: R(ZnO/Cu20(S1)) > R(ZnO/Cu20(S2)) > R(ZnO) > R(Cu20). Taking 100
min as an example, the degradation ratio R of MB by ZnO/Cu20(S1) reached
98.1%; while R of MB by ZnO/Cu20(S2), ZnO, and Cu20 were only 80.8%, 70.0%
and  36.0%, respectively. Therefore, the photocatalytic efficiency of
Zn0O/Cu20(S1) was the best among the four photocatalysts.
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Fig. 7 R ~ t histogram (a) and the kinetic curves (b) of photocatalytic degradation of MB
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In order to evaluate the degradation kinetics of MB by the synthesized
photocatalysts, the curves of In(4o/4t) ~ ¢ were plotted and shown in Fig.7b. There
was a good linear relationship between In(A40/4t) and the time of 7, which accorded
with the kinetic characteristics of pseudo first-order. The kinetic parameters of the
fitting curves were summarized in Table I. From the data, it was demonstrated that
the & value of the degradation reaction using ZnO/Cu20(S1) as the photocatalyst
was about 2.4, 3.2, and 8.3 times that of ZnO/Cu20(S2), ZnO, and Cu20,
respectively. Therefore, the ZnO/Cu20(S1) nanocomposite presented an ideal
degradation efficiency under the same conditions, demonstrating promising
potentiality for photocatalytic applications.

TABLE 1. Parameters of kinetic curves

Sample Rate constant &/min’' R?

Zn0O/Cu20(S1) 0.03814 0.92797
Zn0O/Cu20(S2) 0.01585 0.97676
ZnO 0.01210 0.98707
Cu20 0.00457 0.94903

The enhanced photocatalytic performance of ZnO/Cu20(S1) maybe attributed
to the mediation of SDS and the synergistic effect of ZnO and Cu20 components
in the composite. The results of SEM suggested that the morphology of both ZnO
and Cu20 changed obviously in shape and the size of them became smaller. The
BET characterization revealed that the average pore diameter was 11.98nm. The
changes of morphology and particle size, as well as the abundant presence of
mesopores in the composite were closely related to the template effect of SDS. It
might make it easier to contact with the molecules of MB and offer more surface
adsorption. sites, and then facilitated the further occurrence of oxidative
decomposition. In addition, another important factor could not be ignored. The
energy level matching of Cu20 and ZnO in the composite promoted the separation
of photo-generated charge carriers-electron(e’)/hole(h®) pairs,'’333% and then
improved its catalytic ability. The possible mechanism was described,!”-?***3° and
the corresponding mechanism diagram was shown in Fig.8. The ¢ in the valence
band (VB) of Cu20 and ZnO transferred to the conduction band (CB) under the
irradiation of light, and the h" was left in the VB. Because the CB position of Cu20
is higher than that of ZnO, the photo-generated e in the CB of Cu20 transferred to
the surface of ZnO; at the same time, the h* in the VB of ZnO transferred to the
surface of Cuz0, thus effectively avoiding the recombination of e” and h* on the
catalyst surface. h” and e with strong oxidation and reduction ability react with
H20 and O3, respectively, to form reactive hydroxide radicals (-OH) and super
oxide radical anion (-O2’), in which, -O2" can further turn into -OH.!3427333 The
-OH has perfect oxidation ability to degrade MB molecules into CO2 and H20.
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Fig. 8 Possible mechanism of photocatalytic degradation of MB by ZnO/Cu,O(S1)

The stability of ZnO/Cu20(S1) was tested by recycling the sample in the
photocatalytic degradation experiment of MB. As shown in Fig. 9, after 5 times
cycling of photocatalytic degradation, R only decreased from 98.1% to 92.1%,
indicating that ZnO/Cu20(S1) has good photocatalytic stability.

100

Recycle times

Fig. 9 Recycling experiments of ZnO/Cu,O(S1) composite

CONCLUSION

In summary, ZnO/Cu20(S1) nanocomposite was prepared by one-pot method.
During the process of preparation, SDS served an effective template. The
characterizations confirmed that flower-like ZnO nanoparticles (hexagonal
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wurtzite) grew on the Cu20 nanospheres (cubic crystal) self-assembled from single
Cu20 particles, and Cu, Zn, and O elements were uniformly distributed in the
composite. Abundant mesopores were existed in ZnO/Cu20(S1) and the photo-
response range expanded to the visible region. The photocatalytic degradation tests
indicated that the degradation ratio R of MB by ZnO/Cu20(S1) reached 98.1%
after 100 min illumination, significantly larger than that of ZnO (70.0%), Cu20
(36.0%), and ZnO/Cu20(S2) (80.8%), and R did not obviously decrease after 5
recycling, demonstrating high photocatalytic degradation ability and good
photocatalytic stability. The enhanced photocatalytic property maybe attributed to
the inducement of SDS and the synergy effect of ZnO and Cu20. The advantages
of smaller particle sizes, larger amount of mesopores, more surface adsorption
sites, stronger absorption in the visible light range and easier separation of photo-
generated carriers (e/h") will help to improve its catalytic degradation ability. The
ZnO/Cu20 nanocomposite assisted by SDS shows a good application prospect for
sewage treatment.
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[TOBOJBIIIAHA ®OTOKATAIUTUYKA AKTUBHOCT ZnO/Cu20 KOMIIO3UTA 3A
PA3IPAIY METHWJIEH IVIABOT YCJIEL CHHEPTHCTHUUYKOI EQEKTA

HONGYING LI,*2 LUWEN MA,' ZHENYANG WU! U CHENGLI YAO!
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Y uwby HCIUTHBakma KaTaluTHuke edukacHocTH pasrpagme Zn0O/Cuz0 KommosuTa,
CUHTETHCAaH je HaHOKOMIIO3UT MPUMEHOM ,one-pot* metome u SDS jenumema. KpucramHa
CTPYKTYpa, MUKpOCKOIICKa MOPOI0rHja, XeMHjCKH cacTaB, criejudrUyHa NOBPIIKMHA, pacrozena
BEJIMYMHE 110pPa M ONTHYKa alCOpILIMOHA CBOjCTBA KOMIIO3HWTAa Cy AETa/bHO OKapaKTEPHCaHH.
HcnurtrBaHa je oToKaTalWTH4Ka aKTMBHOCT KOMIIO3UTa ITpeMa pasrpafibyd METHIIEeH IUIaBor
(MB) y npucycTBy 3pauera KCEHOHCKe amiie. Pe3ynTaTi KapakTepr3aldje cy Nnokasaad 1a ce
CUHTETHCaHU KOMIIO3UT cacToju of ZnO (xekcaroHaiaHa BypUUTHa CTpykTypa) U Cu20 (xybHa
KpPHUCTalIHA CTPYyKTypa). 3axBa/byjyhu mnocpenoBawy SDS jenumema, HodujeHe 4YecTule Cy
HaHOMETApCKUX OUMEH3Hja, ca PaBHOMEPHOM pacnopenom enemeHara Cu, Zn u O, kao u ca
BeJTUKUM OpojeM mesoropa. Omcer ¢hoToKaTaTUTHYKe aKTUBHOCTH KOMITO3MTA je MPOIUIMpEeH Ha
BUIUBMBH [Ie0 crniekTpa yoien komOunanuje ZnO u Cuz20. CreneH pasrpagike MB jenumema y
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npucyctBy ZnO/Cuz0 KoMII03UTa U3HOCHO je TpudnmxHo 92% 3a 100 min ¥ HaKOH NeT UUKITyCa
TIOHOBHE TPHMEHE, IITO yKa3dyje Ha 3HayajaH MOTeHUHjan 3a (OTOKATAIUTHUYKE IPUMEHE.
[TobBospurana ¢oToKaTaIUTHUKA AKTUBHOCT MOXKe OWTH IOBe3aHa ca IocpepoBawmem SDS
jenumerha TOKOM Ipolieca MpUIpeMe U CUHePrUCTHUKUM edekTom usmehy ZnO u Cuz0.

(ITpumsseno 15. HoBembpa 2025; pesunrpano 27. HoBemdpa 2025; mpuxsaheHo 29. janyapa 2026.)
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