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Abstract

To modify the wide bandgap and intrinsic high recombination rate of photogenerated
charge carriers of Zn,SnO, photocatalysts, Ag/SnO,-Zn,SnO, composites were
prepared by depositing Ag nanoparticles onto cube-shaped SnO,—Zn,SnO,
nanomaterials via photoreduction. The composites were characterized by XRD,
SEM, EDS, TEM, XPS, and UV-Vis DRS, and their photocatalytic degradation
effect on rhodamine B (Rh B) for different Ag loadings was studied, with 10%Ag/
Sn0,~Zn,Sn0O, showing the greatest effect. The UV photocatalytic degradation
rate of the Rh B solution reaches 100% after 12 min of visible light irradiation and
91% after five cycles. The free radical trapping agent experiment indicated that the
active substances of Ag/Sn0O,-Zn,SnO, photocatalysis are -O,” and h*. Further,
photoelectrochemical tests revealed the higher electron—hole separation efficiency
and faster charge transfer rate of the composites, enhancing the formation of
photoproduced carriers and photocatalytic activity.
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Introduction

Owing to rapid economic development and population growth, environmental
pollution has become an increasingly serious concern [1]. Nearly 2 million tons
of waste pollutants are discharged into the Yangtze River Basin every day, which
is not only damaging to the ecological environment but also poses a serious
threat to human health [2—4]. Traditional sewage treatment methods, including
adsorption [5], membrane separation [6], ion exchange [7], and electrochemical
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purification [8], present some limitations, such as low adsorption rates, high costs,
secondary pollution, and high energy consumption. In recent years, photocatalytic
degradation techniques have gained significant attention owing to their low costs,
rapid degradation effects, and environmental friendliness [9, 10]. Tin dioxide
(SnO,) is a commonly used photocatalytic semiconductor material because of
its cost-effectiveness, environmental safety, nontoxicity, and chemical stability
[11-13]. However, it has a large bandgap and narrow light absorption range and
exhibits poor transfer and separation of photogenerated carriers. Several methods
have been developed to enhance the photoresponse of wide-bandgap photocatalysts
and improve the separation efficiency of photogenerated electrons and holes,
including ion doping [14, 15], morphological control [16, 17], and semiconductor
recombination [18-22].

Zinc stannate (Zn,Sn0O,) is an n-type oxide semiconductor with a wide bandgap
(3.0-3.9 eV), high electrical conductivity, high electron mobility, advantageous
optical properties, and high chemical stability [23-26]. Nevertheless, its
photocatalytic efficiency is inhibited by the poor absorption of visible light and
rapid recombination of photogenerated carriers. In this regard, heterojunction
photocatalysts offer an effective means to improve the poor photoresponse of a
single semiconductor and the low separation efficiency of electron-hole pairs, as
revealed in different studies. For example, in their synthesis of SnO,—Zn,SnO,/
graphene composite photocatalysts via a hydrothermal method, Li et al. [27]
showed that graphene can effectively transfer photogenerated electrons from the
conduction band of Zn,SnO,, delay the recombination of carriers, and improve
photocatalytic activity. Further, Zou et al. [28] synthesized Zn,SnO, quantum dots/
Bi, WO, nanocomposites using a two-step hydrothermal approach and investigated
their photocatalytic activity for gaseous acetone under visible light irradiation. The
improved absorption of visible light and separation efficiency of photogenerated
carriers were attributed to the heterojunction structure of the nanocomposites.

Considering that the energy band structures of SnO, and Zn,SnO, match,
Sn0,~Zn,SnO, can form a Z-scheme heterojunction; this, however, does not provide
the satisfactory separation of photogenerated carriers. In addition to the construction
of the heterojunction, the surface plasmon resonance (SPR) effect of noble metal
nanoparticles can increase the absorption of visible light, and their Fermi level can
promote electron transfer [29-33]. Thus, noble metal modification is also considered
effective in elevating the photocatalytic performance of semiconductors. Lu et al.
[34] synthesized Ag/Zn,SnO, photocatalysts using a one-cloth hydrothermal
method; these effectively improved the separation efficiency of photoproduced
electron—hole pairs, thus enhancing the photocatalytic performance of methyl
orange. In another study, Liu et al. [35] prepared Ag/SnO,_,/Bi,Osl, ternary
composites and studied the photocatalytic degradation of antibiotics and inactivation
of bacteria; the composites promoted the transfer of photogenerated charge carriers
and reduced the recombination of electron—hole pairs.

In this study, cube-shaped SnO,—Zn,SnO, nanomaterials were synthesized
by precipitation, and Ag/SnO,~Zn,SnO, ternary composite photocatalysts were
then prepared by depositing Ag nanoparticles onto the nanomaterial surface
via photoreduction. Rhodamine B (Rh B) was used as a model pollutant to
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investigate the photocatalytic degradation effect and reaction mechanism of the Ag/
Sn0O,~Zn,SnO, composites.

Experimental methods
Preparation of Sn0,-Zn,Sn0,

All chemicals and solvents used herein were supplied by Sinopharm Reagent Co.,
Ltd. (China). The cube-shaped SnO,~Zn,SnO, nanomaterials were prepared as
follows. First, 1 mmol SnCl,-5H,0 (AR) and 1 mmol ZnCl, (AR) were dispersed in
40 mL of water under vigorous stirring for 30 min. Then, 10 mL of NaOH (10 M)
was added, and the solution was stirred for a further 30 min. More NaOH (10 mL)
was subsequently added to the above solution and stirred for 2 h. The resultant white
precipitate was separated by centrifugation, washed with water and ethanol, and
then dried at 80 °C for 12 h. The dried samples were calcinated in air for 30 min at
850 °C to yield the SnO,~Zn,SnO, nanomaterials.

Preparation of Ag/Sn0,-Zn,Sn0,

First, 100 mg of the SnO,~Zn,SnO, sample was dispersed in 40 mL of water for
1 h using an ultrasonic bath. Different amounts of AgNO; solution were then added
to the SnO,-Zn,Sn0O, dispersion solution, and the mixtures were stirred vigorously
for 1 h under irradiation from a xenon lamp (220 W). The products obtained by
centrifugation were washed several times and then dried at 80 °C for 12 h. The
Ag/Sn0,~Zn,Sn0O, composites were labeled according to the mass fraction of Ag
(5, 10, 15, and 20%) as 5%Ag/Sn0,~Zn,Sn0O,, 10%Ag/Sn0,~Zn,Sn0O,, 15%Ag/
Sn0O,~Zn,Sn0,, and 20%Ag/SnO,~Zn,Sn0O,.

Photodegradation testing and characterization

Details about the equipment, operation conditions, and experimental processes and
parameters are provided in the supplementary material.

Results and discussion
X-ray diffraction analysis

Fig. 1 shows the XRD patterns of SnO,—Zn,SnO, and Ag/SnO,~Zn,SnO,. The dif-
fraction peaks at 17.72°, 29.14°, 34.29°, 35.91°, 41.68°, 55.11°, and 60.44° belong
to the (111), (220), (311), (222), (400), (511), and (440) crystal planes (hkl) of
Zn,SnO, [36]. The diffraction peaks at 26.61° and 51.78° are ascribed to the (111)
and (211) crystal planes of SnO, [37]. All the SnO,~Zn,SnO, peaks correspond
well with standard Zn,SnO, (JCPDS card no. 24-1470) and SnO, (JCPDS card no.
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Fig.1 XRD patterns of the SnO,—Zn,SnO, and Ag/SnO,-Zn,SnO, composites. The experimental condi-
tions include a tube voltage of 40 kV, a tube current of 30 mA, a Cu K, radiation source, and a scanning
step of 2° min™!

41-1445) diffraction data. Compared with the case for the SnO,—Zn,SnO, compos-
ite, the diffraction peak of Ag/Sn0O,—Zn,Sn0O, is enhanced at 38.02°, and a new peak
appears at 44.27°; these belong to the (111) and (200) crystal planes of metallic Ag
(JCPDS card no. 04-0783) [38]. Moreover, the peaks at 38.02° and 44.27° gradually
increase in intensity with increasing Ag content, confirming that the Ag nanoparti-
cles exist in the form of metallic Ag on the Ag/SnO,-Zn,SnO, surface.

SEM and EDS analysis

Fig. S1 shows the SEM images of the synthesized samples. The SnO,~Zn,Sn0O,
nanomaterials exhibit cubic morphology, a three-dimensional appearance, and a
relatively uniform particle size. At an Ag content of 5%, only a few Ag nanoparticles
are present on the SnO,—Zn,SnO,, surface, as shown in Fig. S1b; with the increase in
the Ag content, the Ag nanoparticle coverage on the nanomaterial surface increases,
as shown in Fig. Slc—e. Furthermore, the increase in the Ag nanoparticle loading
leads to agglomeration on the nanomaterial surface.

Figs. S2 and S3 depict the EDS compositional maps of SnO,—Zn,SnO, and
10%Ag/Sn0O,—Zn,Sn0,. O, Sn, and Zn can be detected in SnO,—Zn,SnO, (Fig. S1),
and O, Sn, Zn, and Ag can be noted in 10%Ag/SnO,—Zn,SnO, (Fig. S3) with a
uniform distribution.
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TEM analysis

The morphology and structure of the 10%Ag/SnO,—Zn,SnO, composite samples
were further examined by TEM. As depicted in Fig. 2a, 10%Ag/SnO,—Zn,Sn0O,
exhibits a cubic shape, consistent with the SEM results. As shown in Fig. 2b, the
crystal lattice contains streaks with spacings of 0.500, 0.335, and 0.236 nm, cor-
responding to the (111) planes of Zn,SnO, [39], the (110) planes of SnO, [40], and
the (111) planes of metallic Ag [41]. Fig. 2c displays the selected area electron dif-
fraction (SAED) results; the four distinct diffraction rings correspond to the (110)
planes of SnO,, (111) planes of the Ag nanoparticles, and (311) and (511) planes
of Zn,SnO,, consistent with the HRTEM results. In addition to the crystal faces of
SnO, and Zn,SnO,, the (111) crystal faces of metallic Ag can be observed, consist-
ent with the XRD results.

XPS analysis

XPS was employed to evaluate the surface chemical states of the catalysts. The Zn
2p spectra in Fig. 3a show two prominent peaks at around 1021.7 and 1044.8 eV,
which are assigned to Zn 2ps,, and Zn 2p,,, [42]. Comparing the X-ray photoelec-
tron spectra of SnO,~Zn,Sn0O, and 10%Ag/Sn0O,~Zn,Sn0,, the Zn 2p peaks do not
shift. Fig. 3b depicts Sn 3d peaks at around 486.3 eV (Sn 3ds;,) and 494.6 eV (Sn
3ds,) for SnO,~Zn,Sn0O, [43]. However, the Sn 3ds, and 3d;, binding energies
of 10%Ag/Sn0O,~Zn,SnO, shift to higher values 486.5 and 494.8 eV increasing by
0.2 eV compared with those for SnO,~Zn,SnO,. These shifts may indicate the for-
mation of SnO, resulting from the charge reassignment [27]. In the Ag 3d spectra
in Fig. 3c, two symmetrical peaks can be observed at around 367.5 and 373.5 eV,
which are assigned to Ag 3ds,, and Ag 3d5, of metallic Ag [44], consistent with the
XRD and TEM results. As displayed in Fig. 3d, the O 1s spectrum displays charac-
teristic peaks at around 530.3, 531.6, and 533.5 eV, corresponding to surface lattice
oxygen (O%7), peroxide (022_), and superoxide (O,”) species [45]. The superoxide
species of the 10%Ag/Sn0,~Zn,SnO, sample exhibits a significantly higher peak

(311)
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Fig.2 a TEM, b HRTEM, and ¢ SAED images of the 10%Ag/SnO,~Zn,SnO, samples. The experimen-
tal conditions include a working voltage of 200 kV
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Fig.3 XPS analysis of the SnO,—Zn,SnO, and 10%Ag/SnO,~Zn,SnO, samples: a Zn 2p, b Sn 3d, ¢ Ag
3d, and d O 1s spectra. The experimental conditions include an Al Ka X-ray source (hv=1486.6 eV),
a filament current of 6 mA, and a working voltage of 12 kV; the C s peak of graphite at 284.6 eV was
used as a standard

than that of SnO,—Zn,Sn0,, indicating that the addition of metallic Ag is more con-
ducive to superoxide formation on the surface of the catalyst.

Optical properties

Fig. 4 depicts the UV-Vis absorption spectra of the samples. As shown in Fig. 4a,
Sn0,-Zn,SnO, exhibits strong absorption in the UV region owing to the wide band-
gap of SnO, and Zn,SnO,; the Ag/Sn0O,—Zn,SnO, species also exhibit significantly
higher absorption intensities in this region. Moreover, the Ag/SnO,—Zn,SnO, sam-
ples display significant absorption peaks in the range of 400-500 nm due to the SPR
of the Ag nanoparticles [46]. The Kubelka—Munk function was used to calculate the
bandgap energies (E,) of the catalysts, as shown in Eq. 1:

(ahv)'" = A(hv - E,) 1)

Here: o is the absorption coefficient, /& is Planck’s constant, v is the optical
frequency, A is the proportionality constant, and 7 is a variable that depends on the
characteristics of the semiconductor material.
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Fig. 4 a UV-Vis absorption spectra (wavelength range: 250-800 nm) and b bandgap plots

Fig. 4b depicts the bandgaps of the catalysts. The optical bandgap widths
of SnO,~Zn,Sn0O,, 5%Ag/SnO,~Zn,Sn0O,, 10%Ag/Sn0,~Zn,Sn0O,, 15%Ag/
Sn0O,~Zn,Sn0,, and 20%Ag/SnO,~Zn,SnO,, are 3.45, 3.37, 3.15, 3.24, and 3.29 eV.
Notably, 10%Ag/SnO,—Zn,Sn0O, has the smallest bandgap; this is conducive to the
transition of electrons from the valence band to the conduction band during excita-
tion and the creation of photogenerated electrons and holes, which may, therefore,
help improve its photocatalytic activity.

Photocatalytic activity

Fig. 5 shows the UV degradation effect on the Rh B solution and its kinetic behavior
using different photocatalysts under visible light irradiation. As shown in Fig. Sa,
in the absence of a photocatalyst, the Rh B solution is stable under irradiation,
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Fig.5 a Photocatalytic degradation rate of Rh B and b the kinetic behavior of photocatalytic degrada-

tion. The experimental conditions include irradiation from a xenon lamp (300 W), a Rh B solution con-
centration of 20 mg/L, and a photocatalyst content of 100 mg

@ Springer



Reaction Kinetics, Mechanisms and Catalysis

and its self-degradation is negligible. However, the Rh B degradation rate with
SnO,~Zn,Sn0O, reaches 93% after 18 min of irradiation. The photocatalytic per-
formance of SnO,—Zn,SnO, supported with Ag nanoparticles is further enhanced,
especially in the case of 10%Ag/SnO,-Zn,SnO,, reaching 100% after 12 min
of irradiation. The total organic carbon (TOC) content of the Rh B solution was
tested to determine whether the photocatalyst had a bleaching or mineralizing effect
on the solution. The TOC content of 20 mg/L Rh B is 786.7 pg/L; after reacting
with 10%Ag/SnO,~Zn,SnO, for 12 min, the TOC of the solution decreases to
471.9 pg/L, and the total mineralization rate is 60%. The experimental results indi-
cate that the Rh B solution can be mineralized into small inorganic molecules by the
photocatalysts.

The kinetic behavior of photocatalytic degradation was fitted using the nonlinear
least squares method, as shown in Fig. 5b. Table S1 presents the degradation rate and
standard errors of the photocatalysts. The rate constants for the degradation of the
Rh B solutions by SnO,~Zn,Sn0,, 5%Ag/Sn0O,~Zn,Sn0,, 10%Ag/SnO,—Zn,Sn0O,,
15%Ag/Sn0O,—Zn,Sn0,, and 20%Ag/SnO,~Zn,SnO, are 0.1389, 0.2426, 0.3086,
0.2024, and 0.1793 min~'. The rate constant of 10%Ag/SnO,~Zn,Sn0, is more
than twofold higher than that of SnO,~Zn,Sn0O,, indicating that the addition of Ag
nanoparticles enhances the photocatalytic performance.

The stability of the photocatalysts after repeated applications is a key measure
of their performance. As shown in Fig. S4, the photocatalytic Rh B degradation
efficiency of 10%Ag/Sn0O,—Zn,SnO, reaches 91% after five cycles, indicating the
high stability of the composite.

To assess the photocatalytic mechanism of the Ag/SnO,~Zn,SnO, compos-
ites, 10%Ag/SnO,~Zn,SnO, was selected for conducting the active material cap-
ture experiment. Isopropyl alcohol (IPA, 1.5 mmol/L), disodium ethylenediamine
tetraacetate (Na,EDTA, 1.5 mmol/L), and p-benzoquinone (BQ, 1.5 mmol/L) were
used to capture hydroxyl radicals (-OH), holes (h™), and superoxide radicals (-O,").
As shown in Fig. 6, IPA causes a small decrease in the degradation of Rh B, indicat-
ing that -OH does not have a significant effect on the reaction. When Na,EDTA is
added to the reaction system, the degradation rate of Rh B decreases more signifi-
cantly, indicating the presence of photogenic holes in the reaction solution. When
BQ is added to the photocatalytic reaction, the degradation of Rh B is the lowest.
Thus, -O,~ has a greater influence on the reaction and plays a major role in the reac-
tion system. Overall, the main active substances in the photocatalytic degradation
of Rh B using 10%Ag/Sn0O,~Zn,SnO, are -O,” and h*, while the secondary active
substance is -OH.

Photoelectric properties

To further validate the generation, separation, and transfer of photogenic carriers in
photocatalysis, transient photocurrent responses and Nyquist plots were used to analyze
the photoelectric properties of SnO,—Zn,SnO, and the Ag/SnO,—Zn,SnO, composites
for different Ag loadings (5, 10, 15, and 20%). Fig. 7a shows the transient photocurrent
responses of SnO,—Zn,Sn0O, and Ag/SnO,—Zn,SnO, under irradiation from a xenon
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Fig.7 a Transient photocurrent response of the catalysts at a voltage of 0.8 V and using xenon light
every 30 s, and b electrochemical impedance spectra of the catalysts with a frequency range of 100 kHz
to 0.1 Hz. The experimental conditions include a Na,SO, solution concentration of 0.2 mol/L
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lamp with repeated on—off switching. As shown in Fig. 7a, the photocurrent of the
10%Ag/Sn0O,~Zn,SnO, catalyst is the highest among the tested materials, indicating
that its photogenic charge recombination rate is the lowest. The electrochemical imped-
ance spectra in Fig. 7b reveal that 10%Ag/SnO,—Zn,Sn0O, has the smallest semicircle
diameter, representing the fastest interfacial charge carrier transfer rate [47]. Therefore,
it is plausible that the presence of metallic Ag in the Ag/SnO,~Zn,SnO, composite can
effectively lead to the separation of electron-hole pairs and improve the transmission
efficiency of photoproduced carriers.

To investigate the band structure of the Ag/SnO,—Zn,SnO, heterojunction, the
band structures of SnO,—Zn,SnO, and 10%Ag/SnO,—Zn,SnO, were explored through
Mott—Schottky (M-S) curves at different frequencies, as displayed in Fig. 8a and b. The
positive slopes of the M-S curves for SnO,—Zn,SnO, are typical of n-type semicon-
ductors. Moreover, the conduction band edge potential (ECB) values of SnO,~Zn,SnO,
and 10%Ag/Sn0O,—Zn,Sn0O,, obtained via extrapolation of the M-S curves to the x-axis,
are approximately — 1.14 and — 0.20 eV. The lower ECB of 10%Ag/SnO,~Zn,Sn0O,
compared to SnO,—Zn,SnO, indicates that the former can help improve the utilization
efficiency of photogenerated charge carriers and enhance the photocatalytic activity
against organic pollutants, consistent with the photocatalytic degradation of Rh B.

Proposed photocatalytic reaction mechanism

A photocatalytic reaction mechanism was proposed for the Ag/SnO,—Zn,SnO,
composite based on the experimental and characterization results. First, the valence
band (VB) and conduction band (CB) potentials of the SnO, and Zn,SnO, catalysts
were estimated according to Egs. 2 and 3 [48]:

Eyg =X - E, - 0.5E, )

a0k (a) (b) 0®%,e
F 6x10°
W 1000 Hz °
sx10°F = 1000 Hz ® 3000 Hz ®e
L e 3000 Hz
o 4x10”-
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] - LA NN
£ 0 g
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" ©
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Fig.8 Mott-Schottky plots of a SnO,—Zn,SnO, and b 10%Ag/SnO,-Zn,SnO,. The experimental condi-
tions include a Na,SO, solution concentration of 0.2 mol/L and a scan rate of 5 mV/s at frequencies of
1000 and 3000 Hz
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Ecg = Eyg — E, 3)

Here: Eyy is the valence band potential, Eg is the conduction band potential,
X is the electronegativity of the catalyst, E, is the free electron potential (4.5 eV),
and E, is the bandgap energy.

The calculated CB potentials of SnO, and Zn,SnO, are — 0.12 and — 0.4 eV,
and their VB potentials are 3.62 and 3.44 eV.

In principle, due to their wide bandgap, SnO, and Zn,SnO, cannot be excited
to generate reactive oxygen species such as -O,” and -OH under xenon lamp
irradiation. Therefore, we proposed a Z-scheme model to generate a possible
photocatalytic mechanism of the Ag/SnO,-Zn,SnO, composites. As displayed
in Fig. S5, the incorporation of Ag metal and the presence of Sn vacancies in
Zn,SnO, (confirmed by XPS) extends the light absorption range of SnO, and
Zn,Sn0O, from UV to visible wavelengths [27, 34]. Upon excitation by visible
light, electrons are transferred from the VBs of SnO, and Zn,SnO, to their
CBs, creating holes in the VBs. Since the bandgaps of these species match, the
electrons are transferred from the CB of SnO, to the VB of Zn,SnO, through
the heterojunction interface and recombine with the holes. The photogenerated
electrons simultaneously move from the CB of Zn,SnO, to the Ag nanoparticles,
where they are captured by O, in the reaction system, generating -O," radicals,
while the holes remaining in the VB of SnO, react with OH™ or H,O to form
-OH radicals. This process effectively suppresses the rapid recombination of
photogenerated electron—hole pairs, thereby enhancing the carrier lifetime. In
addition, due to the local SPR effect, the Ag nanoparticles strongly absorb photon
energy, which aligns with the absorption peak in the 400-500 nm region in the
UV-Vis spectra. Consequently, this enhances the generation of photoproduced
carriers on the Ag/Sn0O,-Zn,SnO, surface, leading to improved photocatalytic
activity. In summary, the Ag/SnO,-Zn,SnO, composite exhibits a unique
photocatalytic mechanism that leverages the band positions of its constituent
materials to efficiently degrade Rh B under visible light irradiation.

Conclusions

Ag/SnO,~Zn,SnO, composite nanomaterials were prepared by chemical
precipitation and photoreduction, with XRD, SEM, EDS, TEM, and XPS
characterizations indicating their successful synthesis. According to the results,
10%Ag/SnO,—Zn,Sn0O, exhibited the highest photocatalytic performance in
the degradation of Rh B, with a first-order kinetic rate constant of 0.1697 min~!,
more than twofold higher than that of SnO,~Zn,SnO,. At the same time, the
photocatalytic degradation of Rh B was maintained after five cycles, revealing the
high photocatalytic stability of 10%Ag/SnO,—Zn,SnO,. In short, the reinforced
photocatalytic activity was attributed to the incorporation of metallic Ag, which not
only captured photogenerated electrons to separate the carriers but also increased
the capacity of visible light absorption to promote the generation of carriers.
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