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AnHoOTanus. B HacTosmiee BpeMs pOTOKATAIMTUYECKHE TEXHOJIOTHH OYMCTKH BOZBI IIMPOKO HCIONB3YIOTCS B 3€JICHOI SHEp-
TeTHKE M XapaKTePU3yIOTCsI BBICOKUM IPUKIIAJHBIM 3HAYCHHEM. AKTyaJIbHbIM HAIPABICHHEM B 3TOIf 00JaCcTH SBISETCS HOIY-
4erue 3G (eKTUBHBIX (OTOKATAIM3ATOPOB € IIOMOLIBIO IPOCTBIX M 3KOJIOTMYECKMUUCTBIX CIoco0oB. B aTOM HcciemoBaHnu
TIPe/IIoKEH TEXHONOTHYECKH POCTOl, HEIOPOToil M SKONOTHYECKH YUCThIH MeTo/onydenus CuS cdep nernpopanHex Zn> .
OTIMYNTETIBHON YePTOi MAaHHOTO METOJa SBILIETCS €r0 OAHOCTAIMIHOCTS M HHU3Kas TEMIepaTypa CHHTE3a, MO3BOJIIOIIAs
nosyunTs (hoToKAIM3aTOp Ha ocHoBe CuS chep ¢ paBHOMEPHO pachpereneHAbIMI Zn*" HoHaMu. Mopdomorus, cTpyKTypa u
XMMHYECKUI COCTaB IOJYYEHHBIX MPOIYKTOB MCCIEIOBaHbl PACTPOBOWQIIEKTPOHHONW M NPOCBEYMBAIOIIEH MHUKPOCKOIMEH, a
TAKKE METOJAMH PEHTIEHOCTPYKTYPHOrO aHaIH3a. Y CTAHOBIIEHO, MTO BBefieHHe Zn>" B CuS mpHBOANT K 0GPA30BAHUIO JOBY-
IIeK HOCHUTEJIEH 3apsiaa, KOTOPBIE YCKOPSIOT IEPEHOC AIEKTPOHOB, HA,ITOBEPXHOCTh KAaTAIN3aTOPA, YTO 3HAYUTEIIBHO YBEIHYU-
BA€T CKOPOCTh OTKJIMKA HAa OOJIyYCHHME BHUIMMBIM CBETOM, HO NPH\ITOM CHIDKACTCS CKOPOCTh PEKOMOMHALMU 3JIEKTPOHHO-
neipouHbix map. C yderoM 0oJbLIoi ynenbHOW NOBepXHOCTH  CuS cdep MpoMCXOJUT POCT KOJIMYECTBAa IMOBEPXHOCTHO-
AKTHBHBIX aJICOPOUPYIONIMX LEHTPOB, UTO YBETHUMBACT H((EKTHBHOCTS (hoTOKATANM3A. Y CTAHOBIIEHO, YTO BBeIeHUe Zn>" B CuS
IPUBOJINT K YBEIMUEHHIO CKOPOCTH KaTamu3a 10 0,04736:Muk ", uto B 12 pa3 Golblle, B CpaBHEHHH ¢ HelerupoBasHbM CusS.

KatoueBbie ci10Ba: omoxamanus, CuS, nonvié' cpeput, sudumoe uznyuenue, Zn> uonsL.
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Abstract. At present, photecatalytic water treatment technology has important potential application value in the field of green
energy. It is very attractive to‘prepare efficient photocatalysts by simple and green methods. In this study, a simple, low tem-
perature, low cost and green low temperature water bath stirring method was designed to synthesize the well-dispersed
Zn*'-doped CuS hollow sphere photocatalyst in one step. The morphology, structure and composition of the obtained products
were examined By, field emission scanning electron microscopy, transmission electron microscopy and X-ray diffraction. Zn**
doping forms(earriertraps, which improve the transfer rate of electrons to the surface of the catalyst, significantly enhance its
visible light response, and reduce the recombination rate of electron holes. Combined with the special interconnection channel
and large,specific surface area of the hollow sphere structure, it provides more surface active sites for adsorption and makes
photocatalysis ‘more efficient. The reaction rate of the prepared hollow spherical Zn**-doped CuS catalyst reached
0,04736 min™', which was 12 times that of pure CusS.

Keywords: photocatalysis, CuS, hollow sphere, visible light, Zn** doped.
For citation: Preparation of Zn**-doped CuS hollow spheres by one-step synthesis and its photocatalytic

performance in visible light /| Gaopeng Yang, Tiantian Wu, Jinxing Cao, Xiaohong Jiang // Problems of Physics, Mathematics
and Technics. —2023. — Ne 1 (54). — P. 60-68. — DOI: https://doi.org/10.54341/20778708_2023_1_54_60. - EDN: PYOQLH

DOI: https://doi.org/10.54341/20778708 2023 1 54 60
EDN: PYOQLH

Introduction

Due to the energy crisis and environmental pol-
lution problems, photocatalytic treatment has at-
tracted great interest as one of the most efficient and
promising methods to eliminate organic and toxic
pollutants in water [1]. To date, much attention has
been paid to the development of novel, non-toxic

© Yang Gaopeng, Wu Tiantian, Cao Jinxing, Jiang Xiaohong, 2023
60

and visible-light driven photocatalysts with high
photocatalytic efficiency and stability [2]. Metal
sulfide semiconductor is a promising candidate ma-
terial for photocatalytic reactions. CuS is a very im-
portant metal sulfide semiconductor material with
excellent photoelectric properties and is also consi-
dered as a typical P-type semiconductor material [3].
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CuS is a narrow band gap semiconductor with
a 2.2 eV forbidden bandwidth that exhibits’ many.
excellent physical and chemical characteristics,and
has great potential for applications such%as solar
cells, lithium battery electrodes, photothermal con-
version, and photocatalysis [4]. €uS, the forbidden
band width of the narrow and has good visible light
absorption, when the absorbed'energy of the photons
is right, CuS materials can produce light of electrons
and holes, migration to the material surface, and the
adsorption on the surface of the material, water or
oxygen molecules reaction material, with high cata-
lytic activity for degradation of material surface ad-
sorption of*organic matter [5]-[10]. However, CuS
has the fatal disadvantages of poor electron hole pair
generation' ability and poor photocorrosion resis-
tance, which also hinder its development in the field
of photocatalysis [11]. Therefore, improving the
photoactivity and photostability of CuS is a key
problem and a major challenge in a wide range of
practical applications [12].

1 Materials and method

In this work, we reported for the first time the
one-step preparation of Zn**-doped CuS photocata-
lyst by using low-temperature water bath agitation
instead of hydrothermal method. By adjusting the
solvent ratio (water: Ethylene glycol =x:y), the ef-
fect of solvent on the morphology and photocatalytic
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performance of Zn*'-doped CuS was studied. The
performance of hollow spherical Zn*'-doped CuS
with solvent ratio of 3:1 (water: Ethylene glycol)
was 12 times higher than that of plain pure CusS.

The Zn*'-doped CuS photocatalyst was pre-
pared by one-step low temperature water bath stir-
ring method instead of complex and complicated
hydrothermal method. Sodium thiosulfate as a sulfur
source, copper nitrate as copper source, and 1mmol
zinc nitrate together into 40 ml of a certain ratio of
water and ethylene glycol mixture to form a yellow-
green liquid, were put into a constant temperature
water bath pot at a constant temperature of 80° C
and stirred vigorously for 2,5 h. After the solution
was cooled to room temperature, the black solid
product was collected by filtration and then washed
with absolute ethanol and deionized water and dried
at 70° C for 6 hours for further characterization.

2 Results

2.1 Morphological structure and phase

The classical SEM (Zn*"-doped CuS with the
strongest catalytic activity) is shown in Figure 2.1, b.
It can be clearly seen that we have synthesized the
classical hollow spherical photocatalyst with a size
of about 700 nm and formed by a large number of
nanoparticles. The spherical surface also has pores
(Figure 2.1, ¢), which makes it have a much higher
specific surface area than the ordinary shape
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Figure 2.1 — XRD pattern of hollow sphere sample (), SEM image(b, c¢), TEM (d),

0.2912nm

and HRTEM image (d) of hollow sphere sample

photocatalyst. The contact between the photocatalyst
and the degradation material in the photocatalytic
reaction is increased, and the photocatalytic per-
formance is greatly improved. EDS spectra also con-
firmed that Zn*" was doped into CusS. In additién, in
transmission electron microscope Figure 241,%d, we
can see that the prepared Zn**-doped CuS‘photocata-
lysts are regular hollow spheres with' hollow interior.
From Figure 2.1, e we can observe clear lattice
fringes, and the fringes with lattice spacing of
0,2913 nm correspond to the (M4) crystal plane of
CuS. The crystal structurefand phase of the gener-
ated products were determined by XRD. The stan-
dard PDF card of CuS'of hexagonal crystal was cali-
brated by red vertical line” It can be observed from
Figure 2.1, a that the X-ray diffraction peak of the
obtained product corresponded one to the peak of
the standard PDF card of CuS of hexagonal crystal,
and the“diffraction peak of ZnS crystal was not ob-
served. Therefore, combined with XPS and EDS test
results, ‘it "can be verified that Zn>" is successfully
doped into the lattice defects of CuS in the form of
ion doping.

2.2 Chemical composition analysis

The surface chemical state and elemental com-
position of Zn*'-doped CuS were studied by XPS.
The spectra were analyzed by Origin, as shown in
Figure 2.2, a. The full spectrum of XPS binding en-
ergy indicates that the composite contains Cu, S, Zn
and C elements and no other impurity signals are
observed. The two peaks of 932,57eV and
952,47 eV shown in the high-resolution spectrum of
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Cu2p in Figure 2.2, b are attributed to the binding
energy of Cu2p,; and Cu2p,p,, respectively. Accord-
ing to the binding energy table of X-ray photoelec-
tron spectrometer, the binding energy here repre-
sents the formation of CuS. Compared with the
Cu2p,; peak of pure CuS, the Cul2p,; peak of
Zn*'-doped Cus$ has a slight blue shift (Figure 2.2, b).
Combined with XRD, no diffraction peak of Zn
metal compound can be found, indicating that Zn
has been successfully doped into the surface of hex-
agonal CuS lattice. The S2p spectrum in Figure 2.2, ¢
shows two peaks fitted at 163,3 eV and 162,3 eV,
which belong to the sulfide in the CuS phase. The
relative atomic content of Zn measured by MultiPak
software is 1,9%, which is consistent with the results
obtained by EDS spectroscopy. And a small amount
of C element is the pollution carbon from the vac-
uum pump in the vacuum system of the XPS equip-
ment [2], [13].

2.3 Photocatalytic activity

A xenon lamp with a power of 500 W was used
as the light source, and a UV filter (K > 420 nm)
was installed to simulate visible light. The photo-
catalytic performance of Zn**-doped CuS was evalu-
ated at a room temperature. Methylene blue (MB)
solution with a concentration of 30 mg/L was taken
as the degradation object, and the 20 mg sample was
dispersed in 50 ml MB solution. First, the adsorption
was achieved in anamorphic chamber for 0,5 h to
reach the balance of adsorption and desorption, and
then the xenon lamp light source equipped with UV
filter was irradiated for 2 hours to observe
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Figure 2.2 — XPS spectra of Zn*"-doped CuS composites: (a) Survey; (b) Cu2p; (c) S2p

the degradation. It can be seen from Figure 2.3, a
that the Zn>*-doped CuS hollow sphere sample with
solvent ratio of 3:1 has the best degradation effect,
and the degradation efficiency reaches 100% after
1,5 hours of illumination. The photocatalytic rate re-
action constant (Kapp) was«btained from the pseudo-
first-order kinetic model:== In(C / C0) = Kapp-t [14].
As can be seen from Figure 2.3, b, the solvent ratio
is 0:4, 1:3, 2:2, 3:1,.4 in=the order of solvent ratio:
The Kapp values of 0 and pure CuS were
0,00974 min™y 0,00157 min™', 0,0014 min™,
0,04581 miin’,, 0,0043 min" and 0,00421 min, re-
spectiyvely. The hollow spherical sample is 12 times
larger than| the pure CuS sample. It is also superior
to'most'reported CuS catalysts and has the potential
tonexpand its application [15]-[17]. Photocatalysis is
a heterogeneous reaction, so not only to refer to its
energy band structure, morphology and specific sur-
face area also have a profound impact on its photo-
catalytic effect [14], [18]. The large surface area and
special multistage channels of Zn*'-doped CuS hol-
low spheres are one of the reasons for their excellent
photocatalytic performance. Moreover, the graded
pores may reflect the incident light, which can make
full use of light energy and enhance their photocata-
lytic performance. Considering that the stability of the
photocatalytic material will affect the application, we
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conducted a cycle test on the sample. Figure 2.3, ¢
shows that the photodegradation efficiency of the
hollow spheres was 65,6% after five cycles (Figure
2.3, ¢). This is attributed to the consumption of
photocatalyst during the recovery process. On the
other hand, CuS has the problem of photocorrosion.
We conducted XPS test on the cyclically degraded
samples as shown in Figure 2.3, d. The peaks at
932,59 eV and 952,51 eV prove that the cyclically
degraded samples are stable and still CuS.

2.4 Adsorptive property, Energy band struc-
ture and Photocatalytic mechanism

The surface area (Figure 2.4, a) and pore size
(Figure 2.4, b) distribution of Zn*-doped Cu$ hol-
low sphere were studied by nitrogen sorption-de-
sorption isotherm. The data of the hollow sphere is
type IV isotherms, indicating that the sample has a
mesoporous structure (2 —50 nm). The sample has
an H3 lag loop, which is related to the aggregation of
nanoparticles (corresponding to SEM images). The aper-
ture distribution maps obtained by the Barrett — Joyner -
Halenda (BJH) method show only a single peak. The
average pore sizes of the samples with the proportion of
water in the solvent from 0 to 4 were 13,86 nm,
13,66 nm, 16,24 nm, 12,42 nm (hollow spherical
sample) and 18,59 nm in Table 2.1, respectively.
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Figure 2.3 — (a) Photodegradation of MB (30 mg/L) by Zn** -doped CusS with different solvent ratio;
(b) The corresponding kinetic curves of MB degradation by Zn*" -doped Cu$S with different solvent ratio;
(¢) Cycling experiments6f MB (30 mg/L) degradation by Zn*" -doped CusS;

(d) The high-resolution XPS spectrum of Zn*" -doped Cus$ after the fourth photocycle

The corresponding specific surface areas were
7,85 mz/g, 5,71 mz/g, 7,28 mz/g, 20,2 mz/g (hollow
spherical sample) and 2,9 mg, ‘wespectively (Table
2.1). The specific surface area of the hollow spheri-
cal sample is 2.5 times, 3.5 times, 2.5 times and 7
times of the othersSamples in solvent ratio order,
which may be due“to the special interconnecting
channels and, graded pores of the hollow spherical
structure.

Table 2+1
Medium”| Morpho- | Surface Pore Eg (eV)
logy area volume
m’ghH | (m’gh
0:4 nano 7,85 0,04 1,85
particles
1:3 nano 5,71 0,61 2,2
particles
2:2 irregular | 7,28 0,83 2,27
shape
3:1 hollow 20,2 0,94 1,96
sphere
4:0 sphere 2,9 0,12 1,76
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Figure 2.4, c is the solid state ultraviolet (DRS)
spectrum of the sample, showing the electronic
states of Zn*"-doped CuS samples generated by dif-
ferent solvents. Zn*'-doped CuS samples have excel-
lent absorption in the visible region, and the absorp-
tion curve has a red-shift trend compared with pure
CuS samples. This is attributed to the doping of Zn**
ions, which leads to an increase in the concentration
of the hole-electron pair, making it easier to absorb
the photon transition to the excited state, thus lead-
ing to a significant enhancement of its photorespon-
sive activity. The absorption spectra calculated by
Kubelka-Munk theory show that the hollow spheri-
cal Zn*"-doped CuS (water: glycol 3:1) with the best
catalytic effect has the strongest absorption peak at
744 nm, and the strongest absorption peak of pure
water and pure glycol as solvent are 662 nm and
738 nm, respectively. Both of them have good ab-
sorption of visible light. The absorption peaks of
solvent ratio 1:3 and 2:2 have a significant red shift,
and the wider absorption peaks are located in the
near infrared (NIR) and infrared (IR) regions. Ac-
cording to the Kubelka-Munk function formula:
ahv = A (hv — Eg)", the band gap [18], [19]. Where
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Figure 2.4 — (a) N, adsorption-desorption isotherm of Zn*"-doped Cu$S
(b) Pore size distribution curve of Zn*"-doped CuS,
() The DRS spectra of Zn*"-doped CuS with different solvent ratio;
(d)The corresponding Tauc plots of Zn*'-doped CuS with different solvent ratio,
(e) The PLspectra of Zn*"-doped Cu$ with different solvent ratio,
(f) Efféet of different scavengers on the degradation of MB (30 mg/L) by the hollow spheres Zn**-doped CuS
under visible light conditions

Eg.is the optical bandgap, A is A constant, and
n=1/2, 3/2, 2, or 3 depending on the nature of the
€lectronic transition (1/2 for allowed direct transi-
tion, 2 for allowed indirect transition, 3/2 for forbid-
den direct transition, and 3 for forbidden indirect
transition) [20]. Figure 2.4, d shows that the band
gaps of the five gradient samples obtained by calcu-
lation are 1,85¢eV, 2,2¢eV, 2,27¢eV, 1,96¢eV and
1,76 eV (Table 2.1). The five different band gaps
may be attributed to the quantum size effect of CuS
and the Zn>" doping concentration.
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PL photoluminescence spectrum is also an im-
portant indicator to evaluate the photocatalytic per-
formance of a material. PL is usually used to charac-
terize material defects, including structural defects,
inherent defects and non-inherent defects [21]. After
the semiconductor absorbs light energy, when the
energy absorbed is enough to change it from the
ground state to the excited state, the electron will
jump from the valence band to the conduction band.
This creates an electron-hole pair [22]. And elec-
trons and holes in the compound can make the
photocatalytic properties, PL photoluminescence
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spectrometer can through the electronic collection —
hole in composite materials for electronic fluorescent
information — hole pair recombination rate, peak in-
tensity is proportional to the recombination rate, the
lower the peak strength, material of electrons and
holes, the lower the recombination rate, photocata-
lytic performance is better. It can be observed from
Figure 2.4, e that the hollow sphere Zn*"-doped CuS
sample with the best performance has the lowest
recombination rate, which may be attributed to its
1,9% Zn*" doping concentration. Zn*'-doped into the
lattice of CuS forms lattice defects, which can be
used as carrier traps, thus reducing the recombina-
tion rate of electron — hole pairs [23].

The conduction band and the valence band of a
semiconductor are of great significance for the study
of a photocatalytic mechanism. The band gap has
been calculated by DRS, and the conduction band
potential (ECB) and valence band potential (EVB)
have been calculated by the following equation [24]

E,, =x—E°+0,5E,,
Ey=E,-E,.
Where Eg is the band gap energy of the semiconduc-
tor, Ee refers to the energy of the free electron on the
hydrogen scale (about 4,5 eV), and y is the geomet-
ric mean of the electronegativities of the constituent
atoms, and the value of x can be obtained from the
following equation [25], [26]:

1= (XA x(B)" - x(C)° )eshre,

where a, b, and ¢ represent the number of atoms“in
the compound, y(A4), x(B), and y(C) refer to the abso-
lute electronegativity of the corresponding atems
[27]. The calculated conduction band and‘yalence
band of Zn2+-doped CusS are —0,52,eV. and 1,44 eV,
respectively.

According to the band “gap, the conduction
band and the valence band.calculated above, we fur-
ther analyzed the photoecatalytic mechanism by a
capture experiment. In the process of photocatalytic
degradation, the s/main*-oxides involved in the
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reaction are hole (H+), hydroxyl radical (OH) and
superoxide anion radical (O,). 2 mL ammonium
oxalate monohydrate ((COONH,), H,0O, AO), ben-
zoqui-none (CsH40,, BQ) and isopropanol (C;HgO)
were used as scavengers of H+, O,, OH in the deg-
radation process, respectively [28]. Figure 2.4, f
shows the photocatalytic efficiency of Zn*'-doped
CuS hollow spherical catalyst in the presence of
various scavengers. Compared with Zn*"-doped Cu$S
without scavenger, the degradation efficiency of
Zn*"-doped CuS with BQ scavenger has no signifi-
cant effect, indicating that-O,. does not play|akey
role in the photocatalytic process, which ‘may be
attributed to the doping of Zn ions providing more
positions for charge recombination.sThe degradation
efficiency of Zn*"-doped CuS with AO and IPA de-
creased to 40% and 50%. These results indicate that
h+ and OH play crucial roles inythe photocatalytic
process of Zn**-doped CuS. This may be attributed
to the fact that Zn>" ions,doped on the lattice surface
of CuS form carrier traps, which can promote the
transfer of electrons o the interface of Zn>*-doped
CuS photocatalyst,thus improving the efficiency of
hole extraction‘and greatly increasing the hole con-
centration,#/which plays a dominant role in the
photocatalytic reaction process [23].

Throtugh a series of characterization such as
morphelogy, structure, band gap and photolumines-
cence, the differences of photocatalytic performance
of Zn*"-doped CuS were comprehensively discussed.
Under a visible light irradiation, the photocatalytic
efficiency of hollow spherical Zn*" doped CuS sam-
ples is the best. After reaching adsorption equilib-
rium, the degradation efficiency reaches 100% in
90 min under light conditions. First of all, the hollow
sphere has a special interconnecting channel and a hi-
erarchical pore structure. The special structure makes it
have the largest specific surface area among the five
groups of samples, which can provide more surface
active sites for adsorption, and the adsorption per-
formance is particularly outstanding.

02 0,-pollutant
0,, H,0

. llutants

H20 .oH\ co,, H,0

Figure 2.5 — Photocatalytic mechanism of Zn*"-doped CusS hollow spheres under visible light
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The light utilization efficiency of the catalyst is im-
proved by scattering the incident light with special
structure. The large specific surface area also makes
the contact area between catalyst and pollutant in the
process of photocatalytic reaction so as to improve
the catalytic rate. The Zn®" doping concentration of
1,9% in the hollow sphere is also crucial, which is
the highest concentration sample. The Zn** doping is
on the surface of CuS lattice, because CuS is a typi-
cal P-type semiconductor, and Zn*" forms a carrier
trap on the surface, which can attract electrons to the
interface of catalyst through charge recombination
due to its positive potential. This results in a reduc-
tion in the energy required for electron-hole separa-
tion of the catalyst, which corresponds to our DRS
results that the hollow spheres have a lower band
gap (1,96 eV) than the normal pure CuS. The elec-
tron transfer increases the hole concentration of the
hollow sphere catalyst, so in our capture experiment,
the sample with AO (H + scavicant) has the most
obvious reduction in catalytic efficiency. Hole h+
plays a leading role in the catalytic process of
Zn*"-doped Cus catalyst.

Conclusions

In conclusion, a green, simple and convenient
photocatalyst synthesis process was designed in this
study. CuS photocatalyst doped with Zn*" ions was
synthesized by one-step stirring in a low temperature
water bath using green, non-toxic sodium thiosulfate
as a sulfur source. The hollow spherical Zn** -doped
CuS catalyst was prepared by adjusting the solvent
ratio. Due to its large specific surface area and spe-
cial fractional pores, the hollow spherical morphol-
ogy provided more surface active sites forsthe ad-
sorption of the catalyst and greatly \improved the
utilization efficiency of incident:light. By doping
Zn*" ions to its lattice surface, thewcarrier trap is
formed, which catalyzes hole)extraction, promotes
electron transition to the«catalyst interface, reduces
the activation energy of electron hole pairs, and sig-
nificantly enhances’the visible light response activ-
ity. Compared with ‘the previously reported CuS
series photocatalytic compounds, the photocatalytic
activity of 'visible light is better, the reaction rate is
0,04736-min ', which is 12 times of that of common
pure CuS, and the degradation efficiency can reach
65,6% “after 5 cycles. It provides a more simple,
green and efficient photocatalyst synthesis strategy
compared with other reports, which has great appli-
cation prospects in the field of photocatalysis.
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