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ABSTRACT: With ever-increasing attention toward the removal of
pharmaceuticals and personal care products (PPCPs), it is highly essential
to study promising approaches for this purpose. We introduced a novel Z-
scheme SNO-ACO photocatalyst developed via hydrothermal precipitation
for degrading tetracycline (TC-HCl) under visible light. SNO-ACO-9%
achieved 93% TC-HCI removal in 30 min, with a high pseudo-first-order
kinetic rate (0.064 min~'), 3.5 times faster than SNO, demonstrating
exceptional efficiency and potential in environmental remediation, especially
for antibiotic pollution. The photocatalyst’s mechanisms involve enhanced
light absorption and charge separation, which was facilitated through the
addition of a strong oxidative photocatalyst, Ag,COj3, in a comparatively low
amount in ratio to the parent reductive photocatalyst, SnNb,O, without
using a third agent as a charge mediator. Electron spin resonance (ESR) and
scavenging experiments verified the formation of different reactive oxygen species and the Z-scheme heterojunction mechanism. This
study will provide insight into using a more efficient system with heightened overall photodegradation activity in emerging
contaminant removal.

KEYWORDS: photocatalysis, heterojunction, tetracycline, photodegradation, direct Z-scheme

1. INTRODUCTION single photocatalyst to fulfill all criteria due to different
The contamination of water environments by antibiotics and limitations. Narrow-band-gap photocatalysts face issues with
pharmaceuticals has emerged as a pressing global concern, the recombination of photogenerated carriers, while wide-
posing serious threats to human health and aquatic ecosystems. band-gap ones struggle to generate photogenerated electrons

The rampant misuse and illicit application of antibiotics in
industries such as pharmaceuticals have resulted in an alarming
increase in antibiotic pollution.' > According to the United

and holes effectively, leading to a reduced photocatalytic
performance.'’ Low photoresponse ability, poor electron (&)

Nations Environment Programme (UNEP), human antibiotic and hole (h") transfer and quantum efficiency, and inadequate
consumption increased by 36% in this century and antibiotics stability and lifespan are the most significant issues associated
used for livestock are anticipated to rise to 67% by 2030. with a single-component photocatalyst system.'' Hence, the

Because degradation of these chemically stable structures has
been proven to be low through conventional methods, the
need for effective and sustainable water treatment methods to

search for photocatalysts exhibiting high activity, broad-
spectrum absorption, efficient carrier transfer, and long-term

combat this pollution has never been more urgent.”” stability is essential for applications in energy and the
Photocatalytic technology based on semiconductors has environment.
emerged as a highly ggomising and extensively studied solution Heterojunction systems can enhance a single photocatalyst

for water treatment.”’” According to Scopus data, the number
of publications in this field throughout 2018—2023 is 2.2-fold
higher comparing to the time frame of 2012—2018. This
technology harnesses the power of sunlight/visible light to
generate photoexcited holes and electrons within the semi-
conductor material. Under light illumination, reactive oxygen
species (ROS) initiate a potent oxidative process that
effectively degrades contaminants.”” Despite significant
advances in photocatalyst development, it is challenging for a

system by the following:
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1. Enhanced light absorption, where materials with small
band gaps or highly absorbent molecules can strengthen
the performance of large-band-gap semiconductors.

2. Improved charge separation and transport, facilitated by
structures like p—n junctions or Schottky junctions,
which effectively separate electron—hole pairs.

3. Incorporation of cocatalysts, which reduce redox over-
potentials at active sites.

4. Increased stability, as surface passivation protects the
semiconductor from degradation. Factors such as
chemical corrosion, catalyst deactivation from solution
contaminants, and morphological or compositional
changes during the photocatalytic process can signifi-
cantly impact the performance. However, integrating
multiple components holds promise for reducing
semiconductor damage and improving overall stabili-
ty. 1112

The Z-scheme system has garnered significant attention as
an efficient approach to enhance the photocatalytic removal
activity of a single catalyst. This mechanism incorporates the
utilization of electrons (e”) and holes (h*) in the higher
conduction band (CB) of the more reductive photocatalyst
and the lower valence band (VB) of the more oxidative
photocatalyst, ensuring strong reduction and oxidation
capabilities."> By minimizing charge carrier recombination, Z-
scheme systems surpass other Photocatalytic composites in
degrading organic pollutants.'*~'® This tandem configuration
optimizes energy distribution, facilitating efficient charge
transportation and suppressing electron—hole recombination,
ultimately boosting the photoactivity of the composite.'”
Under visible-light irradiation, both heterojunction photo-
catalysts generate electron—hole pairs, leading to the
production of oxygen-containing free radicals, such as *OH
and *O,”, further enhancing the photodegradation efliciency
and rate.'®"”

One of these reductive photocatalysts is SnNb,O4 (SNO),
which has a band gap of 2.2—2.4 eV>"*" with high visible-light
activity and stability. Tin niobates were first synthesized and
examined by Cruz et al’* However, their photocatalytic
properties had not been explored until Hosogi et al. conducted
an in-depth study on the photocatalytic O, and H, evolution
using SnNb,Og synthesized through various processes.”’
Additionally, the group was the first to investigate SnNb,Og
synthesized by both solid-state reactions and SnCl,-treated
methods.”

The most recent forms of SNO nanosheets are composed of
two edge-sharing NbYOj octahedra with Sn** inserted between
planes with a two-octahedron thickness. Because of the CB and
VB band edge positions, they can be applied for many
applications, such as water splitting and organic contaminant
degradation.

Two distinct starting materials, including commercial SnO
and Sn;0,(OH),, were used as Sn sources to prepare
SnNb,O4 photocatalysts in the study by Hosogi et al.*’
SnNb,Og prepared with the SnO precursor exhibited a greater
amount of Sn** compared to the one prepared with
Sn;0,(OH),; although the total Sn*" content was relatively
small, the Sn** ion replaces Nb>* ions, based on the ionic
radius and oxidation state. Research has indicated that some
Nb** ions in tin niobates can be substituted by Sn** ions. The
Sn** species acts as an electron trap beneath the conduction
band, leading to a reduced photocatalytic performance. The
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study suggested that valence band regulation via Sn** and
minimizing the creation of Sn*' impurities and grain
boundaries could improve photocatalytic activity.

Ma et al. applied this photocatalyst in junction with WOj,
which outperformed each of them in Rhodamine B
decomposition.”* Also, another Z-scheme heterojunction of
SNO and BiOCl has been investigated to remove benzocaine,
and it showed a superior performance in its junction form.”
To the best of our knowledge, to date, other Z-scheme SNO-
based heterostructures have not been reported in literature.

Ag,CO; (ACO) is a widely utilized cocatalyst in photo-
catalysis, known for its exceptional optical performance and
appropriate band gap energy of 2.3 eV.”"** Its high potential
valence band edge (+2.92eV vs NHE) makes it a preferred
component in Z-scheme heterojunctions, enabling a robust
oxidation potential and an efficient transfer of photoinduced
charges.”” Combining Ag,CO; with other materials has yielded
impressive results; for instance, the modification of g-C;N,
with Ag,COj; and graphene oxide produced a highly stable Z-
scheme photocatalyst with remarkable stability.”” Additionally,
the formation of a unique double Z-scheme system, AgBr/
Ce0,/Ag,CO;, demonstrated superior photocatalytic activity
in comparison to each individual photocatalyst.”® Considering
its well-matched band positions with SnNb,O,, Ag,CO; could
potentially be proven to be a rational choice for cocatalysis,
facilitating the accelerated separation of photoinduced charges
in this heterojunction.

In this work, for the first time, we introduced a novel binary
SNO/ACO direct Z-scheme photocatalytic system synthesized
for antibiotic oxidation. We fabricated this binary material
through a hydrothermal precipitation process. This composite
structure, which was produced without the addition of any
mediator or charge transfer agent, exploits the distinct role of
SNO as 2D nanosheets with a superior absorption catalytic
effect, and we incorporated ACO as powerful structures to
enhance light absorption and separating charge carriers in the
individual SNO system via the Z-scheme transfer path. Visible-
light photocatalytic removal activity was evaluated by using
tetracycline (TC-HCI) as the target pollutant. This study
showed that the produced binary photocatalyst outperformed
other equally studied binary or tertiary structures in
pharmaceutical removal with a high kinetic rate in a shorter
reaction time. The results of this investigation provide valuable
perspectives for enhancing forthcoming dual direct Z-scheme
photocatalysts aimed at tackling antibiotic pollutants in
environmental remediation.

2. MATERIALS AND METHODS

2.1. SnNb,04/Ag,CO; Synthesis. The SNO/ACO binary
composite was synthesized using a coprecipitation reaction.”’
Initially, a specific amount of prepared SNO was dispersed in
35 mL of ultrapure water through stirring for 1 h. (Details of
the SNO synthesis procedure are provided in the Supporting
Information.) Subsequently, the desired amount of AgNO; was
uniformly dispersed by sonication for 30 min in the above
solution. Concurrently, a stochiometric amount of Na,CO,
was dissolved in 30 mL of ultrapure water and gradually added
to the solution. The mixture was stirred in the absence of light
for 60 min. The resulting product was collected through the
centrifugation process and washed few times with deionized
water and ethanol, forming the SNO/ACO composite. The
acquired specimens were labeled as SNO-ACO-X; the number
X is corresponding to the percent mass of Ag,CO; within the
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Scheme 1. Cartoon Showing the Hydrothermal Process of SNO 2D Nanosheet Synthesis Subsequently Used to Prepare the
SNO/ACO Composite through Coprecipitation (a) Photochemical Setup Using a Reactor of 50 mL TC-HCI Solution (10 mg/
L) Equipped with a Water Jacket for Cooling the System and Keeping a Stable Temperature and Photocatalyst dosage of 1 g/
L. The Light Source for Photocatalyst Activation is a 300 W Xenon Lamp with a 400 nm Cutoff (b)
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entire composite, and the synthesis process is illustrated in
Scheme 1la. It is noteworthy to mention that SNO-ACO-9
(among SNO-ACO-1, SNO-ACO-3, SNO-ACO-5, SNO-
ACO-9) was chosen as the optimal composite in this study.
For comparison, ACO was prepared in a similar manner, with
no SNO precursor addition.

A detailed experimental section is provided in the
Supporting Information.

3. RESULTS AND DISCUSSION

The Z-scheme photocatalytic system has demonstrated
significant improvements in photocatalytic reactions on
account of the merits in light absorption, highly robust redox
potentials, and isolated reductive and oxidative active sites,
which make this system advantageous to others. In this study,
we successfully prepared SNO catalysts with a flowerlike
structure with the diameter of approximately 4 to S ym and
thickness of 10 nm,*> which was shown in the scanning
electron microscopy (SEM) (Figure Sla) and transmission
electron microscopy (TEM) images in Figures la and S2a,b.
ACO nanoparticles (SEM image, Figure S1b) with higher light
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absorption and oxidation ability successfully attached to the
nanosheet 2D SNO structure, as shown in TEM images
(Figure 1b). SNO with a nanosheet design improves the
surface area and effectively boosts electron and hole transfer.”
Evidently, the presence of a large and well-defined contact
interface between ACO nanoparticles and the SNO nanosheet
is distinct. Moreover, the high crystallinity of both ACO and
SNO is evident from the clearly discernible lattice spacings.
The lattice fringes, spaced at 0.23 nm, align well with the (031)
planes of ACO.”"** Additionally, the lattice spacing of 0.3 nm
corresponds to the (—311) plane and that of 0.35 nm to the
(=111) plane of SNO.*

N, adsorption—desorption isotherms and the Barrett—
Joyner—Halenda (BJH) method evaluated the BET surface
area and pore structure of the samples, revealing type IV
patterns with H3 hysteresis loops, indicative of slitlike
mesoporous structures. The SNO-ACO-9 composite had a
slightly smaller surface area (28.76 m’/g) than pure SNO
(31.33 m?/g), suggesting that the surface area alone may not
significantly enhance the photocatalytic performance (addi-
tional information provided in Figure S3 and Table S1).

https://doi.org/10.1021/acsestwater.4c00888
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(@)

(b)

ACO

Figure 1. HRTEM images of SNO (a) and SNO-ACO-9 (b). The nanostructured design enhances the surface area and promotes efficient electron
and hole transfer. The distinct contact interface between ACO nanoparticles and SNO nanosheets highlights their high crystallinity, as evidenced

by observable lattice spacings aligned with specific crystallographic planes.

In order to examine the surface characteristics of photo-
catalysts and the compositional state associated with the
surface elements and bonding configuration of the binary
composite, XPS spectroscopy was employed. The Sn 3d
spectrum (Figure 2a) displays two peaks at 486.5 and 494.9
eV, consistent with the Sn 3ds/, and Sn 3d;), orbitals of Sn*".
In the Nb 3d spectrum (Figure 2b), peaks at 207.260 and
210.0 eV confirm the presence of Nb**.”>*> Regarding the Ag
3d spectrum (Figure 2c), peaks at 368.4 and 374.4 eV
correspond to Ag 3ds,, and Ag 3d;,, respectively, confirming
the presence of Ag* species in the composite.”® Notably, Ag 3d
peaks overlapped with Nb 3p emission peaks, which was
confirmed in previous reports.”” In the C 1s spectrum (Figure
2d), two peaks at 284.8 and 288.9 eV are attributed to the C—
C bond and adventitious carbon and the C=0 bond of ACO.
The observed peak at 286.4 eV could potentially be attributed
to the absorbed carbon contamination during the synthesis
process.”**” The O Is spectrum (Figure 2e) exhibits a peak at
531.6 eV, representing the O—H bond, while the peak at 530.3
eV corresponds to lattice oxygen, the O*~ anion of the SNO
crystalline structure. Significantly, the peaks corresponding to
Ag 3d, Sn 3d, Nb 3d, and O 1s observed in the SNO-ACO-9
sample exhibit a noticeable shift toward higher binding
energies. This shift suggests that a strong interfacial interaction
is occurring within the heterojunction. This interaction likely
arises from potential electron transfer by the close contact
between ACO and SNO nanosheets.

Having conducted the morphological and compositional
characterization experiments and more, which are elaborately
explained in the ensuing sections, we evaluated the prepared Z-
scheme system in the environmental application in the next
following step. The Z-scheme system is potentially influential
in the kinetic rate of the contaminant removal and its oxidation
mechanism in comparison to the individual photocatalyst
system.*” In our system, the target pollutant of TC-HCI was
used to assess the photocatalytic capabilities of the fabricated
materials under visible-light exposure. Before initiating the
photocatalytic process, the adsorption—desorption equilibrium
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was established by stirring continuously for 30 min in the
absence of light. As depicted in Figure 3a, the prepared
photocatalysts adsorb TC-HCI after a 30 min reaction in the
absence of light due to the nanosheet structure and high
surface area of SNO and the heterostructure creating more
active sites for TC-HCl molecules to bind. SNO-ACO-9
absorbed 21% of TC-HCl in the dark, which is slightly lower
than the amount absorbed by pure SNO, which could be due
to ACO compacting the structure of SNO by entering its
macro- and mesopores and slightly reducing the surface area.
This effect was substantiated in the X-ray diffraction (XRD)
analysis (Figure S4) and based on Scherrer and Williamson—
Hall equations (eqs S4—S6), the crystalline size of SNO
decreased by 6%, confirming that the interaction and
attachment of ACO to SNO is the driving force for the
change in the crystalline size (further explanation on XRD
analysis is provided in the Supporting Figure $4).*"

SNO demonstrates the least effective degradation, with only
60% TC-HCI removed after 30 min of irradiation. Notably, no
significant decrease in the TC-HCI concentration is observed
without photocatalysts under visible light, indicating a
negligible direct photolysis of TC-HCI. The TC-HCI photo-
degradation efficiency improves to more than 90% in the
presence of the ACO nanocomposite. Upon being activated by
the light source, SNO-ACO-9% rapidly degraded TC-HCI
under visible-light exposure. Remarkably, SNO-ACO-9 out-
performs others in visible-light-responsive photodegradation
(Table S2), achieving a 91% removal of TC-HCI within 30
min. Figure S5 depicts the photodegradation rate of the
photocatalysts according to the pseudo-first-order kinetic rate
(eq S2), indicating the highest removal rate attributed to SNO-
ACO-9% (0.064 min~'). This increase in the degradation
performance is due to the amount of ACO in the composite
structure, which helps with more interfacial area for charge
separation and the facile transfer of electrons and holes. This
exceptional performance can also be attributed to the
heterojunction’s excellent light-absorbing capability, which is
supported by optical property analysis by DRS. The results of

https://doi.org/10.1021/acsestwater.4c00888
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Figure 2. X-ray photoelectron spectroscopy (XPS) spectra of SNO-ACO-9: Sn 3d (a), Nb 3d (b), Ag 3d (c), C 1s (d), and O 1s (e). XPS
spectroscopy reveals the surface characteristics and compositional states of the photocatalysts. Peaks in Sn 3d, Nb 3d, Ag 3d and O 1Is spectra of the
SNO-ACO-9 sample shift toward higher binding energies, indicating a strong interfacial interaction, potentially facilitating electron transfer

between ACO and SNO nanosheets.

DRS analysis showed that the SNO-ACO-9% heterojunction
displays distinctive optical absorption features corresponding
to pure SNO and ACO (Figure S6), generating a red-shifted
SNO adsorption spectrum by introducing ACO in the
material, suggesting a substantial enhancement in the visible-
light response of SNO upon combination with ACO. The
heightened visible-light absorption of SNO-ACO-9 generates
more electron—hole pairs, while its well-defined crystallinity
hinders electron—hole pair recombination. The change in the
lattice structure could potentially enable the facile transport of
electrons, holes, and electrolyte ions within the abundant
space, expediting the photocatalytic degradation of TC-HCI
under visible-light irradiation.

The variation in the photodegradation efficiency is
predominantly influenced by the interplay between tetracycline
pK, values under different pH conditions and the isoelectric
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point (IEP) of SNO-ACO-9%. The influence of pH on the
photocatalytic degradation of TC-HCI by SNO-ACO-9% was
systematically investigated across a range of pH values from 4
to 10, given that pH is a crucial factor impacting photocatalytic
activity. The pH range of 4—10 was selected for analysis due to
tetracycline’s pK, values (3.3, 7.6, and 9.6), which determine
its protonation and charge states. These pK, values influence
tetracycline’s behavior in different pH environments, affecting
its removal efficiency in photocatalytic or photoelectrochem-
ical processes.”” As depicted in Figure 3b, after 40 min of
irradiation, with the increase in pH from 4 to 5.5, the efficiency
increased from 89 to 93% and the highest removal efficiency
happened at pH 5.5; there is a slight decrease in removal from
pH 5.5 to 8. As the pH further increased to 10, the
photodegradation efficiency of TC-HCI further reduced to
85%. The results clearly indicate that even though pH could be
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an influential factor in the photoactivity of SNO-ACO-9%, the
physical and chemical stability of the material in lower and
higher pH values would assist in the photodegradation
performance with less fluctuations.

Additionally, we examined the adsorption of TC-HCI onto
the heterojunction at different pH levels in the absence of light.
As presented in Figure 3d, under acidic conditions with pH 4—
5.5, the adsorption of TC-HCI onto the material was increased
from 11 to 20% after a 30 min reaction. This could be
attributed to the electrostatic attraction between the more
negative surface (—29 mV) of the material and the zwitterionic
form. In more acidic conditions, the interaction between more
positively charged SNO-ACO-9 (less negative) and cationic
TC is a deterrent and resulted in weak TC adsorption on the
SNO-ACO-9 surface. Furthermore, the adsorption efficiency of
TC-HCI decreased with the increase in pH from 7 to 10. This
decline could be due to an increase in the presence of the
deprotonated form of TC-HCI in water and its electrostatic
repulsion between more negatively charged SNO-ACO and
anionic TC-HCI, which weakened their interaction and
resulted in lower TC-HCI adsorption on the SNO-ACO
surface. This pattern of adsorption aligns with the photo-
degradation trends of TC-HCI at varying pH levels.

The variation in the photodegradation efficiency is
predominantly influenced by the interplay between tetracycline
pK, values and the isoelectric point (IEP) of SNO-ACO-9%.
Notably, TC exhibits pK, values of 3.3, 7.6, and 9.6. This
implies that TC carries a positive charge (TC*) at pH values
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below 3.3 due to the protonation of amino groups. Between
pH values of 3.3 and 7.6, TC adopts a zwitterionic form
(TC*). Importantly, the isoelectric point (pHzp) of SNO-
ACO-9% is measured at 3.5. Consequently, it is negatively
charged at pH values higher than 3.5. Between pH values of 7.6
and 9.6, TC assumes an anionic form (TC™). And even higher
basic conditions lead to more deprotonation and formation of
the TC dianion (TC*”). The {-potential result supports the
lower adsorption of TC onto SNO-ACO-9% at pH 4 and when
the pH climbs to 5.5, it accelerates the adsorption and
photodegradation because more zwitterionic TC is available to
react with the reactive oxygen species (ROS) on the
photocatalyst’s surface. The deprotonated form of TC is
more electron-rich and susceptible to oxidation than the
protonated form. However, at pH values exceeding 9.6, which
surpasses TC’s pK,, fully deprotonated TC (TC dianion)

struggles to interact with negatively charged SNO-ACO (with
a (-potential <—40 mV), resulting in a decline in the
photocatalytic degradation rate of TC at elevated levels like
pH = 10.

The photodegradation rate of TC by SNO-ACO-9% at
different pH levels (k) quantified using the pseudo-first-
order rate equation is depicted in Figure 3c. The TC
photodegradation rate (k) ranges from 0.054 to 0.064
min~" at pH 4—5.5 and then decreases with a pH increase to
8.5. However, the k,,, markedly decreases to 0.047 min~" with
further increases in pH to 10. Notably, TC dissociation into
species depends highly on the pH of the solution, and as such,
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the kg, for TC photodegradation can be expressed as a
function of TC*, TC*, TC™, and TC?™ rate constants and the
molar fraction of each species, which are described in Text
$1.* The dissociation constants of TC, denoted as K, K,, K

ay
and K, were taken into account. As revealed in Figure 3c, it is

evident that the prevailing species is the zwitterionic form of
TC, exhibiting the highest rate of 0.062 min™", followed by the
anionic form with a rate of 0.054 min~" and the dianionic form
at 0.043 min™". Finally, the lowest degradation rate is ascribed
to cationic TC with a rate of 0.014 min™".

The effect of the ionic strength, NOMs, and photocatalyst
dosage on TC-HCI has been elaborately described in the
Supporting Figures S7—S9. The result of these experiments
indicated that with an increase in the ionic strength and HA
concentration, the photodegradation efficiency decreased
drastically. What’s more, catalyst dosage is required to be
optimized as well to obtain the highest photocatalytic
performance.

Evaluating and comparing the catalyst performance require a
fundamental understanding of reaction kinetics. Moreover,
kinetic analysis serves as a means to validate the proposed
mechanisms. The interpretation of photocatalytic system
kinetics for water treatment and the elucidation of underlying
mechanisms have predominantly relied on Langmuir—Hinshel-
wood rate laws, which can be simplified to a pseudo-first-order
kinetic rate. However, in this study, we assessed four different
kinetic models to validate the photodegradation mechanism
well. Since each of them has a specific function mechanism,
this will aid in determining the nature of the photocatalysts in
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TC-HCl removal. As shown in Table S3. regarding the pseudo-
first-order rate constant (k. = 0.064 min™") for SNO-ACO-9,
the kinetic rate of TC-HCI photodegradation surpasses SNO
by 3.5 times and this model fits better to the experimental data
than the other three kinetic models listed in Table S3. This
discrepancy underscores ACO’s significant role in enhancing
photocatalytic activity. Prior research on other binary
heterojunctions for TC-HCI photocatalytic degradation has
demonstrated significantly lower k,, values compared to the
value obtained in our study with SNO-ACO-9."*** Collec-
tively, these findings provide compelling evidence that the
combination of SNO and ACO represents a promising strategy
for crafting an effective photocatalyst for TC-HCI degradation.
To further study the separation and recombination processes
of photoexcited charges, photoelectrochemical analysis and
characterization tests were implemented. The transient photo-
current of SNO-ACO-9 indicates that it is approximately 3
times higher than that of pristine SNO. Superiority over the
photocatalyst individually when subjected to a positive/
negative bias voltage (—0.6 V vs Ag/AgCl) indicates that the
heterojunction has a higher amount of produced photo-
generated electrons and holes and stronger separation.
Incorporating the 3D ACO structure into the SNO
nanosheets has several beneficial effects; It leads to electrical
resistance reduction and faster charge separation, resulting in
improved electron transfer rates. Notably, ACO/SNO-9
exhibits significantly enhanced light absorption compared to
pure SNO, particularly in the visible-light range, as shown in
Figure 4a. This increased light absorption is attributed to the
superior band gap alignment of the materials to absorb
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species (ROS) due to pronounced adsorption, contributing to SNO-ACO-9’s exceptional photodegradation performance.

photons and convert them to higher-energy electrons and
holes. Consequently, the heterojunction can capture more
energy, generating more electron—hole pairs (e"—h" pairs) and
higher electrical current.

Furthermore, the charge transfer superiority of the SNO-
ACO-9 junction can be further verified by EIS characterization.
The radius of the semicircle in the Nyquist plot obtained from
EIS measurements serves as an indicator of the magnitude of
resistance during charge transfer within the material. An
indication of improved efficiency in charge transfer is denoted
by the reduced size of the semicircle. Figure 4d illustrates that
the arc diameter of SNO-ACO-9 is smaller compared to that of
SNO, suggesting that the addition of ACO at 9% by weight of
the mixture reduced the interfacial resistance and enhanced
efficiency of electron—hole pair separation and charge transfer
within the heterojunction. Additionally, in the Bode-phase
spectra depicted in Figure 4c, the decreasing frequency peak of
SNO-ACO-9 provides further evidence for the extended
electron lifetime, indicating improved charge separation at
the interface.

Figure 4b depicts the cyclic voltammograms (CV) of
pristine SnNb,O4 and the SnNb,O4/Ag,CO; nanocomposite,
providing insight into the electrochemical characteristics of the
photocatalysts. Both samples exhibit reversible anodic and
cathodic peaks (the highlighted area), assigned to the one-
electron electrochemical transfer process of the Fe’'/Fe’"
couple.*® Notably, the nanocomposite displays a higher overall
area compared to the blank SnNb,Og nanosheets, suggesting
an augmented electron transfer rate facilitated by the
incorporation of ACO with high electrical conductivity.
What’s more, the nanocomposite illustrates a well-defined A/
Ay redox couple (+0.11 V, —0.19 V vs Ag/AgCl) most
potentially attributed to the Ag nanoparticles."” These results
indicate that incorporation of ACO nanoparticles exhibits a
distinct redox response compared to bare SNO. By reducing
the recombination rate of electron—hole (e"—h*) pairs in
ACO/SNO-9, the material exhibits an improved photo-
electrochemical performance, resulting in a higher photo-
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current density. Altogether, these factors contribute to the
enhanced photoelectrochemical capabilities of the junction,
making it a promising candidate for efficient photocatalytic
applications.

3.1. Adsorption and Photodegradation Mechanism
of TC-HCl. In general, degradation of the contaminant, herein
TC-HCl as the target compound, on the surface of the catalyst
is divided into three sections: adsorption, surface, and solution
degradation.”® The overall process involved an equilibrium
adsorption phase followed by photodegradation at a pH of 5.5
termed “Adsorption + Degradation”. These distinct stages are
illustrated in Figure Sa. The photodegradation rate in the
condition of pH = 10, in which absorption is in the lowest
state, can be accounted for the solution rate (K,,;) measured to
be 0.047 min~", which significantly exceeded that of the surface
(Kyy), 0.0075 min~!, affirming more efficient solution
photodegradation and the pivotal role of free radicals in the
photodegradation process (the surface rate is calculated
through the reaction of the photocatalyst and TC-HCI
molecules consecutively in TC-HCI solution in dark, ultrapure
water in light, and absorption in TC-HCI solution in dark).
Figure Sb demonstrates an adsorption kinetic model fitting for
the heterojunction photocatalyst. Although the adsorption
process appeared to align with both kinetic models, the
pseudo-first order kinetic model described the experimental
data better in this study. Notably, the value of K, 4 represented
by the the pseudo-first order kinetic coefficient k; (1.56 min™")
was even higher than K, (0.064 min~"). This discrepancy
signifies that one of the primary factors augmenting the
reactivity of the reactive oxygen species (ROS) and enabling
the exceptional photodegradation performance of SNO-ACO-
9 was its pronounced adsorption effect.

3.2. Photocatalytic Removal Mechanism. As commonly
recognized, optical absorption characteristics play a crucial role
in influencing the photocatalytic performance of a photo-
catalyst. The UV—visible diffuse reflectance spectra (DRS) for
synthesized products are depicted in Figure S6. Since ACO
and SNO possess a direct (n = 1/2) band transition, the band
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gap energies can be determined using eq $S3.*” The band gap
energies of ACO and SNO are found to be 2.34 and 1.9 eV,
respectively, aligning with findings from prior research.”"*>
To study the flat band potential (Eg) for individual SnNb,Oy4
and Ag,CO;, Mott—Schottky (M—S) analysis was employed.
As illustrated in Figure S10, the Eg values for SnNb,O¢ and
Ag,CO; are assessed at —0.32 and —0.13 V (vs Ag/AgCl),
corresponding to —0.12 and 0.07 V (vs NHE). Furthermore,
the positive slopes in the M—S plots indicate that both SNO
and ACO, as prepared, are n-type semiconductors in nature.
Ultraviolet photoelectron spectroscopy (UPS) analysis is a
valuable tool in the determination of the valence band energy
of the semiconductors. Valence band energy (Eyg) determi-
nation followed established procedures, involving the sub-
traction of the He 1 UPS spectra width from the excitation
energy (21.22 eV). Consequently, the Eyz of SNO was
calculated using the formula: Eyy = 21.22 — (18.7 — 3.4) —
4.44 = +1.48 V, as illustrated in Figure 6a; it is important to
note that —4.44 eV vs vacuum level corresponds to 0 V vs
NHE. Given the band gap energy of SNO (Figure S6), the Ecj
of SNO was determined to be —0.86 V using the equation Eg
= Eyp — E,. Likewise, for ACO (Figure 6b), the Eyy and Ecy of
ACO were calculated to be 2.18 and 0.28 V, respectively. The
conduction band edges calculated by this method were
approximately close and comparable with the results from
the Mott—Schottky plot. Semiconductor Fermi levels were
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determined through valence band XPS (VB-XPS) analysis.
According to the VB-XPS results shown in Figure 6c, the
valence band energy versus Fermi level values for SNO and
ACO were 1.12°" and 1.31 eV, respectively. As a result, the
Fermi level for SNO (+0.36 V) exceeded that of ACO (+0.87
V). The relative positions of band edges and Fermi levels for
the semiconductors are illustrated in Figure 6d. Importantly,
the work functions that are correlated directly to the Fermi
levels of the two semiconductor photocatalysts significantly
influence the redistribution of charges, ultimately establishing
an internal electric field. Given that SNO possesses a smaller
work function (a higher Femi level potential) than ACO,
elctrons started to flow from SNO to ACO, which formed an
internal electric field from SNO to ACO after two materials
came into contact, until they reached the equilibrium E; level as
also described by Yang et al.>> Depletion of electrons in SNO
and accumulation of them on ACO induced a band edge
bending of SNO and ACO (SNO downward band bending
and ACO upward band bending), as depicted in Figure 6d.
The shaped band bending further restricted the electron flow
from SNO to ACO and facilitated a cascadelike mechanism,
where photogenerated electrons on ACO were attracted
toward photoinduced holes in SNO, leading to their
recombination at the interface.” This process formed a strong
interfacial bond between SNO and ACO, which effectively
spares the electrons on the conduction band of SNO and the
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holes on the valence band of ACO. This controlled
recombination enhances the photocatalytic efficiency by
promoting charge separation, which is essential for driving
the desired photocatalytic reactions in the Z-scheme
heterojunction system.

The charge transfer mechanism, following the Z-scheme
heterojunction model, plays a critical role in driving the desired
redox reactions in a heterojunction photocatalysis system. This
approach enhances the photocatalytic performance by
directing electrons and holes to the appropriate reaction sites
for effective oxidative and reductive processes.54 To elaborate,
the accumulation of holes in the valence band of ACO (with a
band edge position of 2.18 V) facilitates the production of
*OH radicals (E° OH™/*OH = 1.89 V), while electrons gather
in the conduction band of SNO (with a band edge of —0.86
V), promoting the production of *O,” (E° 0,/°0,” = —0.18
V). As a result, singlet oxygen, which is the product of *O,~
oxidation by holes, is also easily generated.>

If the charge transfer follows a type II mechanism,
photogenerated electrons would accumulate in the conduction
band of PC II (ACO in this case), which has a reduction
potential lower than that required for °O,” production.
Simultaneously, holes would accumulate in the valence band
of PC I (SNO), which has a weaker oxidation potential than is
necessary to generate *OH radicals. This arrangement could
reduce the overall driving force for the key photocatalytic
reactions. From a dynamic perspective, the electrons already
present in PC II generate a repulsive force that impedes the
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continuous transfer of electrons from PC I, further inhibiting
electron transfer from PC I to PC II. Likewise, the repulsion
between holes in PC I and those transferred from PC II
hinders effective spatial charge separation (Figure 6d). Thus,
with the theoretical framework outlined and supported by the
experimental results, the Z-scheme charge transfer mechanism
of the photogenerated carriers in this proposed system is
further validated. This mechanism effectively explains the
enhanced performance of heterojunction photocatalysis, as the
Z-scheme configuration facilitates efficient charge separation
and maximizes the redox potential required for critical
photocatalytic reactions.

This charge carrier transfer mechanism was also confirmed
by ESR and radical scavenging experiments. As depicted in
Figure 7a, four distinct peaks corresponding to DMPO—"OH
species in a 1:2:2:1 intensity ratio are observed under light
illumination after 8 min. As illustrated in Figure 7a, SNO alone
is unable to produce *OH due to its valence band edge
position being lower than the *OH/OH" redox potential (1.89
V) and its poor separation of electrons and holes. However,
with the addition of ACO, *OH species are easily generated,
reinforcing the Z-scheme charge transfer mechanism and
demonstrating a superior charge separation efficiency. This
synergistic effect between SNO and ACO further confirms the
enhanced photocatalytic activity of the heterojunction system.
When using methanol solution, DMPO can capture *O,”
radicals, forming a characteristic signal of 1:1:1:1 DMPO-*O,~
quadruple peaks (Figure 7b), indicating the reduction of O, in

https://doi.org/10.1021/acsestwater.4c00888
ACS EST Water 2025, 5, 351-365


https://pubs.acs.org/doi/10.1021/acsestwater.4c00888?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00888?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00888?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00888?fig=fig7&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.4c00888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water pubs.acs.org/estwater

~

A OH \N/

o o o

m/z=458 m/z=340 m/z=302 m/z=266

\4
COCe OO T

m/z=173 m/z=192 m/z=220

HH

m/z=460 m/z=438 m/z=405 m/z=373

OH o oH o on OH o OH

m/z=220 m/z=252 m/z=276 m/z=362

EssssEsssEsEsEqErsesnanen

m/z=460

oH o o o o

m/z=440

-
-
.
-
L]
.
L]
-
. m/z=428
.
-
L]
-
.
L]
-
ssssssunnsnnnnnnnnnnnnnd

m/z=401 m/z=408

Figure 8. continued

361 https://doi.org/10.1021/acsestwater.4c00888
ACS EST Water 2025, 5, 351-365


https://pubs.acs.org/doi/10.1021/acsestwater.4c00888?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00888?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00888?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00888?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00888?fig=fig8&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.4c00888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

s b
N Z N

m/z=460 m/z=438

L

B

» L ]

- o -] L]

. ° N .

. . m/z=330 .

= N R v PO 0l rreesseseeeeng

. ! Il I : m/z=297 :

- B

a m/z=266 . 7

- 0 . ov o

E .

= N . m/z=276

B . .

. Z °" m ; m/z=210

. . A Panennnnunns n:] (2284 L. : o

. m/z=220 = | P

Iessnsnnnnunnnnwm | . °
miz216 S °

: o
O_JH/\ o)J\W/ﬁ
o

m/z=99

s

m/z=113 °

Figure 8. Possible degradation pathway of TC-HCI oxidation with the SNO-ACO-9% photocatalyst (A—D).

the solution to *O,~ by photogenerated electrons. Similarly, in
the case of °O,” production, the SNO-ACO composite
demonstrates improved charge separation, facilitating the
generation of a greater quantity of *O,” within the system.
Furthermore, in the presence of TEMPO, three peaks of
1:1:1 intensity appear after 8 min under visible light, consistent
with the characteristic signal of the TEMPO—'O, adduct
(Figure 7c), confirming the 'O, generation through the
photocatalysis process. The EPR results align well with radical
scavenging experiments, providing confirmation of the
production of *OH and °O,” radicals by SNO-ACO-9%
under visible-light irradiation. To further explore the primary
active species generated within the SNO-ACO photocatalytic
system and validate the proposed photodegradation system, we
conducted quenching experiments using different scavengers,
and the outcomes are presented in Figure 7d. Various
scavengers, such as ammonium oxalate (AO), tert-butanol
(TBA), ascorbic acid (AA), and NaNj, were employed to
quench h*, *OH, *0,", and '0,, respectively. The inclusion of
AO led to a decline in the removal efficiency from 93 to 47%,
indicating the prominent role of h* in degrading TC-HCL
Similarly, a reduction in the degradation efficiency was
observed in the presence of AA, suggesting a significant
involvement of *O,” in TC-HCI degradation. Interestingly,
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NaN; and AA exhibited comparable inhibitory effects on the
removal efficiency, likely due to the generation of 'O, from
*0,". Conversely, slight decreases in the removal efliciency
occurred with the addition of TBA, confirming minor
contributions of *OH to pollutant degradation in this
photocatalytic system. Furthermore, the observed pseudo-
first-order rate constants (k) for TC-HCI photodegradation
are 0.017, 0.016, 0.012, and 0.051 min~! when AA, NaN3, AO,
and +-BuOH are introduced (Figure 7d, inset). This supports
the notion that TC primarily undergoes degradation via
reactive species such as *0,”, 'O,, and holes (h*). *OH is
making only a minor contribution to the photodegradation
process.

As also confirmed by the radical scavenging and ESR
experiments, the charge transfer mechanism follows Z-scheme
band alignment. Under this assumption, the redox capability of
the heterojunction photocatalyst promoted the production of
superoxide and hydroxyl radicals as well as singlet oxygen,
which were most probably not generated in the type II
heterojunction scenario (Figure 6d), therefore improving its
photocatalytic activity and TC degradation.

3.3. Possible Photodegradation Pathway of TC. To
further evaluate the potential process of TC photocatalytic
degradation by the SNO/ACO composite, we employed LC-
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QTOF to examine the plausible intermediates formed during
the photodegradation of TC. Drawing on insights from
previous studies and the LC-MS data, 4 conceivable pathways
(Figure 8) are proposed for the photodegradation of TC-HCI
in the SNO/ACO system.

Pathway A involves the formation of an intermediate with
m/z = 458, resulting from several hydroxylation processes,
water loss at the second planar ring, and carbon oxidation. This
is followed by deamination and dihydroxylation, yielding an
intermediate with a m/z = 340. This intermediate undergoes
further fragmentation and ring cleavage, producing intermedi-
ates with m/z = 302 and m/z = 266. As oxidation progresses,
quinonelike structures and smaller molecules, such as m/z =
220, are generated. Subsequent oxidation of these products by
potent radicals and reactive species results in two potential
structures with m/z = 192 and m/z = 173. These products
suggested further oxidation and cleavage of the tetracyclic
structure, leaving behind simpler aromatic intermediates such
as benzoic acid derivatives.

Pathway B begins with the formation of m/z = 460 through
hydroxylation and dehydrogenation. This structure undergoes
dealkylation at the amine group and multiple hydrogenation
steps, forming m/z = 438, followed by m/z = 405 through
hydrogenation, deamination, and decarboxylation. The inter-
mediate m/z = 373 forms due to hydrogenation and hydroxyl
loss. Subsequent ring-opening and oxidation lead to the
formation of m/z = 362. Further attack by singlet oxygen ('O,)
and hydroxyl radicals (*OH) leads to amine group loss,
forming m/z = 276, and smaller molecules such as m/z = 252
and m/z = 220. These smaller breakdown intermediates
suggested that the ring structures were opened and trans-
formed into simpler aliphatic or carboxylic acid compounds.
The oxidation process continues, further simplifying the
molecular structure.

Additionally, TC decomposition can follow Pathway C,
where m/z = 460 undergoes either dehydroxylation and
hydrogen abstraction, producing m/z = 442, or dehydrox-
ylation with water loss and dehydrogenation, producing m/z =
440. In either case, further oxidation via hydroxyl radical
(*OH) attack leads to amine group removal, followed by
methylation, forming smaller molecules with m/z = 401. The
resulting products suggested that the oxidation process
removed critical portions of the original tetracycline molecule,
leaving behind an open-ring structure or a smaller polycyclic
structure.

Pathway D, the breakdown process from m/z = 460 to m/z
= 373, mirrors that of Pathway B. The intermediate then
undergoes ring cleavage and hydroxylation, producing m/z =
36S. The primary product with m/z = 297 (II) is formed
through condensation and dehydration, while m/z = 330 (III)
is produced by the removal of side groups such as amine and
hydroxyl groups, followed by carboxylation. Further oxidation
of these compounds results in smaller molecules with m/z =
276, 216, and 210. Meanwhile, along this pathway, some
quinonelike structures could also be produced (m/z = 266, m/
z = 220) as smaller intermediates. Ultimately, all intermediates
undergo a complete breakdown into CO,*>~, H,0, and NH,".

B CONCLUSIONS

To summarize, we formulated and engineered an innovative
binary Z-scheme photocatalyst, composed of SNO-ACO,
without any need for a third agent as the charge mediator.
We showed that the synthesized materials, when exposed to
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visible light, exhibited promising photocatalytic proficiency in
environmental application as pharmaceutical removal, and the
study revealed that incorporating ACO in the mixture with a
low mass ratio of 9% can increase the TC-HCI removal kinetic
rate from 0.019 to 0.064 min~'. Moreover, we showed that
photodegradation of the pollutant by the photocatalysis project
is divided mainly into three sections: adsorption, surface
degradation, and solution degradation. In the case of our
binary heterojunction, solution degradation came to prom-
inence, which intensified the effect of free radicals and ROS in
the solution. In addition, studying the nature of the transfer
mechanism of the material, incorporating findings from radical
scavenging tests, ESR signals, UPS, VB-XPS, and DRS
measurements, it is evident that the charge transfer mechanism
in the SNO-ACO heterostructure is characterized by a Z-type
configuration, as opposed to the conventional type II
heterojunction charge transfer mechanism. Unlike conven-
tional heterojunctions, this binary Z-scheme heterojunction,
characterized by robust internal interactions between the two
semiconductors in the binary composite, accounted for a
heightened redox potential, efficient separation of charge
carriers, augmented visible-light reactivity, and enhanced
photocatalytic efficacy.
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