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ABSTRACT: This study investigates whether 17β-estradiol (E2), a natural
estrogen and one of the endocrine-disrupting chemicals responsible for water
pollution, can be oxidatively decomposed under simulated solar light using a
composite of tin oxide nanoparticles and graphene-like carbon nitride (g-CN) as a
photocatalyst. The composite photocatalyst was prepared by heating a mixture of
urea and tin acetate. FT-IR measurements revealed that g-CN possesses structural
units similar to g-C3N4, a well-studied graphite-like carbon nitride. However,
unlike g-C3N4, sharp diffraction lines were not observed in the XRD diffraction
pattern of g-CN, indicating lower crystallinity. Elemental analysis showed that g-
CN is slightly nitrogen-rich compared to g-C3N4, and UV−vis measurements
indicated that the band gap of g-CN is slightly smaller than that of g-C3N4. The
presence of tin in the composite of tin oxide and g-CN was clearly confirmed by
XPS, although no sharp diffraction peaks were observed in the XRD patterns, suggesting the presence of microcrystals. Furthermore,
FE-SEM observations did not reveal large tin oxide crystals, although EDS mapping indicated the presence of tin oxide. It was found
that the prepared tin oxide and g-CN composites function effectively as photocatalysts for degrading E2 under simulated solar light.
The degradation rate constant was evaluated to be k = 3.34 (0.14) × 10−2 min−1. Peroxide ion radicals were detected in ESR
measurements from the irradiated solution, suggesting that peroxide ion radicals are generated through oxygen photoreduction as
the counter-reaction of the oxidative decomposition of E2.

■ INTRODUCTION
The ecological impact of endocrine disruptors (environmental
hormones) present in trace amounts in rivers has been a
prominent concern.1,2 Through numerous investigations, rivers
have been revealed to be contaminated with natural estrogens
such as estrone (E1), 17β-estradiol (E2), estriol (E3), and
synthetic estrogens like ethinyl estradiol.3,4 These compounds
can cause harmful effects such as feminization, infertility, and
hermaphroditism in organisms inhabiting water bodies.
Therefore, there is a strong demand to remove these estrogens
for environmental purification.
Since the 1990s, quantitative experiments have been

conducted to evaluate the impact of the aforementioned
estrogen on aquatic life, such as fish, in rivers.5 Among the
three types of estrogens mentioned, E2 is known to have a
significant physiological effect.5 It has been pointed out that as
little as 10 ng/L of E2 can cause feminization in fish. In
response to this, the removal of E2 in sewage treatment has
become a critical issue, leading to active research into advanced
oxidation processes, including the use of ozone, in addition to
the general chlorine-based oxidizing agents for E2 degradation.
Detailed studies on the oxidative decomposition process of E2
have also been conducted during this time, revealing the
intermediate products through which the degradation pro-
gresses.

In recent years, there has been an active effort to use
photocatalysts for environmental purification.6,7 Using energy
derived from fossil fuels for environmental purification can
exacerbate environmental pollution during energy generation.
By contrast, combining solar energy with photocatalysts for the
purification process does not cause new environmental
problems.

Among the various photocatalyst materials studied for this
purpose, graphite-like carbon nitride (g-C3N4) has recently
gained significant attention as a metal-free photocatalyst under
visible light irradiation, as it is composed of only abundant
elements, easy to synthesize, and chemically stable.8−13 The
basic tectonic units to establish g-C3N4 allotropes are
considered to be triazine (C3N3) and tri-s-triazine/heptazine
(C6N7) rings, although the samples actually synthesized may
have several polymorphs with slightly different structures
(Figure S1). The history of g-C3N4 dates back to 1834 when
the embryonic form of melon was first developed.14 After
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Wang reported its excellent photocatalytic hydrogen gener-
ation ability, g-C3N4 gained attention as a photocatalyst.15

Subsequently, extensive research has been conducted on the
photocatalytic applications of g-C3N4. Much of this research is
driven by the perspective of addressing environmental
issues.16−18

It has recently been reported that g-C3N4/SnO2 composite
can be a visible light photocatalyst capable of photocatalytic
degradation of Rhodamine B.19 Ji reported that Rhodamine B
is oxidatively decomposed by the holes generated by the
photoexcitation of electrons.14 If the same mechanism can be
applied to the photocatalytic degradation of environmental
hormones, river purification and environmental purification
can be ideally achieved. To demonstrate this, this study
synthesized g-C3N4/SnO2 composites and investigated their
photocatalytic activity in decomposing E2 (Figure S2), which
was used as the representative form of estrogen. This research
aims to develop a photocatalyst that allows for the
decomposition of estrogen by solar light. The specific purpose
of this experiment is to verify whether a composite of tin oxide
nanoparticles and graphene-like carbon nitride can effectively
decompose E2 under the irradiation of solar light. Therefore,
experiments were conducted using a high concentration (0.1
mM) aqueous solution of E2, compared to the actual
concentration of E2 found in rivers (on the order of several
ng/L).

■ EXPERIMENTAL SECTION
The g-C3N4/SnO2 composites were synthesized through a
previously reported procedure.16 It should be noted although
referred to as g-C3N4 in this paper, the g-C3N4 synthesized in
the present study is somewhat structurally distorted, as will be
discussed in the next section. To synthesize the composite, a
mixture of urea (Nacalai Tesque Inc.) and tin(II) acetate
(Sigma-Aldrich Co.) was placed in a crucible and thermally
treated at 550 °C for 2 h under N2 flow in an electric furnace
to obtain the g-C3N4/SnO2 composite. Various weight
percentages of tin(II) acetate (0, 0.3, 0.6, and 1.5 wt %)
were used to prepare the mixture. The corresponding
composites were abbreviated as CNSnO-0, CNSnO-0.3,
CNSnO-0.6, and CNSnO-1.5. The synthesized composite
samples were characterized through spectroscopic experiments
such as Fourier-transform infrared spectroscopy (FT-IR), X-
ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS). FT-IR, XRD and XPS measurements were performed
using FT/IR-6300 (JASCO Co.), Rigaku Miniflex (Rigaku
Co.) and PHI Quantes (ULVAC-PHI Inc.). Elemental analysis
of H, C, N was done on vario EL cube (Elementar) and the N/
C ratio was also evaluated using XPS. For the FT-IR
measurements, a pellet was made by mixing KBr powder
with the sample and then measuring by the transmission
method. The XPS measurements were conducted by pressing
the sample powder onto In foil. FE-SEM (EDS) and TEM
measurements were carried out using a JSM-7800F (JEOL)
and a JEM-Z2500 (JEOL), respectively. UV−vis measure-
ments were performed using Shimadzu UV-1900i spectropho-
tometer, and analysis based on the Kubelka−Munk theory was
conducted to estimate the band gap of the carbon nitride
composite samples.17 The AC impedance measurements of the
sample were performed using an Autolab PGSTAT128N, and
the flat band potential was estimated from the Mott−Schottky
plot. We also performed nitrogen adsorption/desorption
isotherm measurements on the prepared samples at 77 K

using a Gemini 2375 (Shimadzu). The Brunauer−Emmett−
Teller (BET) surface area values of the samples were
determined from the observed N2 adsorption isotherms.

Estradiol (E2) was purchased from Nacalai Tesque Inc. A
solution of 0.1 mM E2 with the CNSnO composite was stirred
in the dark for 3 h to avoid causing any light-induced changes
prior to the photoirradiation experiment. Subsequently, the
solution was irradiated with simulated sunlight from a solar
simulator (AM1.5G, 1000 W/m2). After irradiation, the
solution was centrifuged to remove the composite samples,
and the change in E2 concentration was examined via
photoluminescence (PL) measurements. PL measurements
were carried out on FP-8600 (JASCO Co.). To investigate the
mechanism of CNSnO-catalyzed E2 photodegradation, Elec-
tron spin resonance (ESR) measurements using 5,5-Dimethyl-
4-phenyl-1-pyrroline N-Oxide (DMPO) purchased from
Tokyo Chemical Industry Co. as a radical trapping agent
were carried out to detect the reduced species in the
degradation process. The ESR measurements were performed
using a JES-FA200 (JEOL) at an observation frequency of
9.055 GHz.

■ RESULTS AND DISCUSSION
The FT-IR spectra of the prepared CNSnO-0 and CNSnO-0.3
are shown in Figure 1. In both samples, characteristic g-C3N4

peaks are observed, including the triazine breathing mode
around 810 cm−1 (marked with asterisk) and peaks
corresponding to C−N and C�N stretching vibrations in
the range of 1100−1600 cm−1.20 Therefore, the synthesized
samples can be inferred to possess the basic units of g-C3N4.
However, XRD measurements of CNSnO-0 resulted in only a
broad halo pattern (Figure S3), whereas highly crystalline g-
C3N4 exhibits diffraction lines indicative of a layered structure
of hexagonal network planes and regular structures within the
plane (Figures S1 and S4).21 Therefore, we hypothesize that
the CNSnO composites synthesized in this study have a
somewhat distorted network structure of triazine and/or tri-s-
triazine units.

Furthermore, XRD diffraction patterns of CNSnO-0.3 also
show only broad diffraction lines, and no diffraction lines
attributable to SnO2 crystals are observed (Figure S3).

Figure 1. FT-IR spectra of (a) CNSnO-0 and (b) CNSnO-0.3.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03390
ACS Omega 2024, 9, 49064−49070

49065

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03390/suppl_file/ao4c03390_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03390/suppl_file/ao4c03390_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03390/suppl_file/ao4c03390_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03390/suppl_file/ao4c03390_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03390?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03390?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03390?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03390?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


However, XPS measurements confirm the clear presence of Sn
(Figure 2A).22 Therefore, it is plausible that CNSnO-0.3
contains amorphous Sn oxides or ultra fine Sn oxide crystals.
Thermogravimetric (TG) measurements of CNSnO-0.3 in air
revealed residual tin oxide of about 1.5 wt %. Additionally,
elemental analysis revealed an N/C ratio of approximately
1.354, indicating a nitrogen-rich composition compared with g-
C3N4.
As mentioned above, the Sn 3d peaks are clearly observed in

the XPS spectrum of CNSnO-0.3 (Figure 2A), confirming the
presence of Sn. Additionally, the peak energy positions (Sn
3d5/2 = 486.6, 3d3/2 = 495.0 eV) suggest that Sn is in the +4
oxidation state (Figure S5A, Table S1). However, the O 1s
XPS spectrum shows a broad peak, indicating that the presence
of Sn in lower oxidation states cannot be definitively ruled out
(Figure S5C). The C 1s XPS spectrum of CNSnO-0.3 exhibits
peaks around 284.7 and 288 eV (Figure 2B). The high-energy-
side peak can be explained by C bonded with N and is
consistent with the structure of g-C3N4 (Figure S1). However,
the 284.7 eV peak cannot be explained by the g-C3N4 structure
shown in Figure S1. This peak may be due to carbon clusters,
the presence of sp3 carbon, or contaminant carbon. Changing
the measurement location revealed variations in the intensity
of this peak, suggesting that it is caused by some type of
impurity (Figure S5B). This low-energy-side C 1s peak is often
reported in studies describing the synthesis of g-C3N4.

The strong peak around 398.5 eV in the N 1s spectrum
(Figure 2C) is attributed to nitrogen in the triazine structure of
the g-C3N4 structural unit. The high-energy-side shoulder peak
(around 400.6 eV) is attributed to nitrogen in the C−N�N−
C structure, as observed in g-C3N5.

23 Taking these findings
into consideration, we conclude that the synthesized CNSnO
composite shares many structural similarities with g-C3N4
shown in Figure S1, but is slightly nitrogen-rich and lacks
crystalline integrity (Figure 2D).

In the FE-SEM image of the CNSnO-0.3 sample (Figure
S6B), sheet-like carbon nitride can be observed, but distinct
crystals of tin oxide are not visible. However, as previously
mentioned, tin was detected by XPS, and tin was also detected
in the SEM-attached EDS (Figure S8). The specific location of
Sn is difficult to determine through EDS mapping, suggesting
that tin oxide is homogeneously deposited throughout the
sample. TEM observations showed a sheet-like structure of
CNSnO-0.3, with what appear to be Sn oxide nanoparticles
dispersed on the sheet surface (Figure S7). The BET specific
surface area of the CNSnO-0.3 sample, determined by N2 gas
adsorption measurements, is 68.0 cm2/g (Table S2), which is
relatively large for g-C3N4-related samples. This relatively large
specific surface area can be attributed to the inhibition of
graphene-like sheet stacking due to the simultaneous synthesis
with tin oxide. This is consistent with the absence of sharp

Figure 2. (A) Sn 3d, (B) C 1s, (C) N 1s, (D) wide XPS spectra of CNSnO-0.3.
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diffraction peaks related to sheet stacking in the XRD patterns
(Figure S3).
Next, we discuss the photodegradation performance of the

CNSnO composite. Figure 3 shows the extent of decrease in

the PL peak intensity around 305 nm of E2 after 1 h of
photoirradiation of the solutions including CNSnO-0 and
CNSnO-0.3 composites.24 As shown in the figure, the
photoirradiation of CNSnO-0 causes no significant change in
the E2 peak shape, albeit for a light decrease in the peak’s PL
intensity, suggesting that E2 degradation has hardly occurred.
By contrast, the photoirradiation of CNSnO-0.3 caused the
peak intensity around 305 nm to decrease significantly after 1 h
of photoirradiation, and a new broad peak appeared on the
high-wavelength side. This indicates that upon using CNSnO-
0.3, E2 is decomposed by light irradiation, leading to a
decrease in the peak intensity around 305 nm and the
formation of new broad peaks on the high-wavelength side due
to the generation of decomposition products. In other words,
the carbon nitride CNSnO-0, which is structurally similar to g-
C3N4, does not cause E2 photodegradation on its own. By
contrast, E2 degradation becomes possible on carbon nitride

with the addition of Sn oxides. Although the amount of Sn
oxide has not been optimized, we predict that the performance
is sufficient at a level close to that of CNSnO-0.3, because
using CNSnO-0.6 that includes twice the amount of Sn did not
significantly improve the performance. For these reasons, this
paper will focus on the data for CNSnO-0.3 in the main text.

In this study, we did not analyze the photodegradation
process of E2 when using CNSnO-0.3 as the photocatalyst.
However, based on previous reports, it is believed that the
degradation proceeds via the intermediate 10ε-17β-dihydroxy-
1,4-estradien-3-one (DEO) (Figure S2).25,26 As the degrada-
tion progresses, the biological impact of E2 is, of course,
eliminated. Additionally, it has been reported that the
interaction of DEO, the intermediate product, with estrogen
receptors is significantly reduced compared to E2.25,26

Next, we discuss the changes in E2 photodegradation by
CNSnO-0.3 with the duration of light irradiation. As shown in
Figure 4A, it is evident that the PL intensity of E2 decreases
with increasing the irradiation time. The plot in the figure
represents the integrated intensity of the peak around 305 nm
as a function of the irradiation time.

As observed in Figure 4B, the peak intensity exhibits an
exponential decrease with respect to the irradiation time
(Figure S9). Considering that the peak intensity is propor-
tional to the concentration of E2, we calculated the first-order
rate constant to be k = 3.34 (0.14) × 10−2 (min−1).27 This rate
indicates the effectiveness of E2 decomposition using the
photocatalyst developed in this study.

We conducted multiple cycles of E2 photodegradation
reactions followed by the recovery of CNSnO composite, and
confirmed that there is insignificant difference in performance
at least during the first three cycles (see Figure S10). It should
be noted that while Figure S10 shows the cycling data for
CNSnO-0.6, the durability of CNSnO-0.3 is not expected to
differ significantly. This suggests that the efficiency of the E2
photodegradation reaction remains consistent over these
cycles, highlighting the potential for cyclic utilization of
CNSnO composites in the context of such photodegradation
reactions.

Finally, we discuss the mechanism by which CNSnO
composites contribute to the photodegradation of E2. To
understand the mechanism of E2 photodecomposition by

Figure 3. PL intensity of E2 (a) before photoirradiation, and after
photoirradiation for 1 h with (b) CNSnO-0 and (c) CNSnO-0.3.

Figure 4. (A) PL intensity of E2 after photoirradiation with CNSnO-0.3 for (a) 0, (b) 0.5, (c) 1.0, and (d) 2.0 h. (B) Integrated PL intensity of E2
as a function of photoirradiation time.
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CNSnO-0.3, the surface state of CNSnO-0.3 was examined.
The ζ potentials of CNSnO-0 and CNSnO-0.3 in pure water
were measured using a Zetasizer Nano ZS (Malvern
Panalytical Ltd., UK). The measured ζ potentials were both
negative (approximately −35 mV for CNSnO-0 and −55 mV
for CNSnO-0.3), indicating that the surface potential of both
samples is negative (Table S3). In photocatalytic reactions, it is
plausible that the adsorption of the positively polarized parts of
water or E2 onto the catalyst surface is the starting point, and
this aspect appears to be common to both samples. As
previously discussed, the synthesized carbon nitride is
structurally similar to g-C3N4. However, the band gap of
CNSnO-0 (around 2.55 eV), which was evaluated by
performing Kubelka−Munk analysis on the observed UV−vis
spectrum (Figure S11), is slightly smaller than that of g-C3N4
(@2.7 eV).28 This may be related to the fact that the carbon
nitride synthesized in this study is slightly nitrogen-rich, as the
band gap of g-C3N5 has been reported to decrease to as low as
1.76 eV.23 Nevertheless, the results confirm that the
synthesized carbon nitride is capable of absorbing visible light.
To confirm the bottom energy position of the conduction

band in CNSnO-0.3, AC impedance measurements were
performed in 1 M KCl aqueous solution, and the complex
capacitance was obtained for a Mott−Schottky plot (Figure
S12). As shown in Figure S12, the flat-band potential is
approximately −1.2 V (vs Ag/AgCl). Since the potential of the
Ag/AgCl reference electrode is about +0.2 V relative to the
standard hydrogen electrode, it is evident that the conduction
band bottom is sufficiently higher than the redox equilibrium
potential of oxygen.
Unfortunately, the detailed structure of the Sn oxide

contained in the composite is not well understood. However,
from XPS, it can be concluded that Sn is in its tetravalent state,
suggesting an oxide close to SnO2.

29 While detailed reports
exist on the band gap (approximately 3.65 eV) and band
positions of bulk SnO2, the Sn oxide synthesized in this study
consists of amorphous Sn(IV) oxides or ultra fine SnO2
crystals, which prevents the direct use of the band structure
of bulk SnO2. Furthermore, SnO2 quantum dots have been
reported to have varying band positions and a smaller band gap
depending on the synthesis method.30 However, even with the
reduction due to presence of quantum dots, the band gap is
unlikely to be smaller than that of carbon nitride. Furthermore,
SnO2 is an n-type semiconductor with its Fermi level near the
bottom of the conduction band, while the Fermi level of
carbon nitride is near the center of the band gap.31,32

Therefore, assuming the alignment of the Fermi levels of
SnO2 and carbon nitride results in the schematic band diagram
shown in Figure 5. Furthermore, as discussed in the XPS
section, the presence of lower-valence tin oxides cannot be

ruled out. However, even in that case, the mechanism of E2
photooxidative decomposition by the CNSnO photocatalyst as
depicted in Figure 5 is still valid. This is because, although
lower-valence tin oxides have a smaller band gap compared to
SnO2, there is not expected to be a significant change in the
band alignment with g-CN. In addition to the above, we
confirmed through PL measurements whether the separation
of excited electron and hole carriers, as shown in Figure 5, is
actually occurring in the CNSnO composites (Figure S13). As
shown in Figure S13, the PL intensity of CNSnO-0.3 is
significantly reduced compared to CNSnO-0. This suggests
that the carrier separation, as indicated in Figure 5, is indeed
occurring.

According to the band diagram in Figure 5, we expect that
the oxidative decomposition reaction of E2 is induced by holes
in the valence band of carbon nitride. On the other hand,
reduction reaction should occur to some extent in the
conduction band of Sn oxide. To investigate this, ESR
experiments were performed using DMPO as a radical trap
agent, as described in the experimental section. DMPO can
trap both peroxide ion radicals and OH radicals. However, the
ESR spectra of DMPO trapped with peroxide ion radicals and
DMPO trapped with OH radicals are distinctly different. When
comparing the previous research (for example, Figure 9 in ref
33) with Figure 6, it is believed that the radical generated in

this experiment is a peroxide ion radical.33 However, it is also
possible that OH radicals are generated via peroxide ions.
Therefore, OH radicals are also described in Figure 5. For the
E2 photooxidative decomposition by the CNSnO photo-
catalyst, in addition to the direct oxidation of E2 by holes
generated through photoexcitation as depicted in Figure 5,
oxidation by OH radicals can also be considered. Ohko et al.
have reported that E2 decomposes through DEO via both
photooxidation and OH radical oxidation.25 It is possible that
in the CNSnO photocatalyst as well, E2 decomposition
proceeds via these two oxidation pathways. The important
point is that the reduction reaction of oxygen occurs as the
counter-reaction to the E2 photooxidative decomposition. In
this experiment, oxygen was not intentionally dissolved in the
solution, yet E2 was efficiently photodegraded. This suggests
that the photocatalyst developed in this study can be used for

Figure 5. Schematic band diagram of CNSnO composite photo-
catalyst to explain the photodegradation of E2.

Figure 6. ESR spectra of radical adducts trapped by DMPO (a)
before and (b) after photoirradiation.
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the photodegradation of estrogen and potentially other
endocrine disruptors in river water.

■ CONCLUSIONS
Several types of composites consisting of tin oxide nano-
particles and graphene-like carbon nitride (g-CN) were
synthesized by heating a mixture of urea and tin acetate at
550 °C for 2 h under N2 flow in an electric furnace. FT-IR
measurements revealed that the obtained g-CN possesses
structural units similar to g-C3N4, a well-studied graphite-like
carbon nitride. However, unlike g-C3N4, sharp diffraction lines
were not observed in the XRD diffraction pattern of g-CN,
indicating lower crystallinity. Elemental analysis showed that g-
CN is slightly nitrogen-rich compared to g-C3N4, and UV−vis
measurements indicated that the band gap (2.55 eV) of g-CN
is slightly smaller than that of g-C3N4 (2.70 eV). When
simulated solar light was irradiated on CNSnO-0.3, it
efficiently decomposed 17β-estradiol (E2), a natural estrogen.
The degradation rate constant was evaluated to be k = 3.34
(0.14) × 10−2 (min−1). Peroxide ion radicals were detected in
ESR measurements from the irradiated solution, suggesting
that peroxide ion radicals are generated through the oxygen
photoreduction as the counter-reaction of the oxidative
decomposition of E2.
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