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ABSTRACT: Nanoscale cerium—bismuth oxides/oxynitrates were Adsorption/photodeg radation on Bi—CeOz
prepared by a scalable low-temperature method at ambient pressure 1
using water as the sole solvent. Solid solutions were formed up to a
1:1 Ce/Bi molar ratio, while at higher doping levels, bismuth
oxynitrate photocatalysts with a pronounced layered structure were
formed. Bismuth caused significant changes in the structure and §
surface properties of nanoceria, such as the formation of defects,
oxygen-containing surface groups, and Lewis and Brensted acid
sites. The prepared bifunctional adsorbents/photocatalysts were
efficient in the removal of toxic organophosphate (methyl 0 o 30 180 200
paraoxon) from water by reactive adsorption followed by Time (min)
photocatalytic decomposition of the parent compound and its

degradation product (p-nitrophenol). Bi-doped ceria also effectively adsorbed and photodegraded the endocrine disruptors
bisphenols A and S and outperformed pure ceria and the P25 photocatalyst in terms of efficiency, durability, and long-term stability.
The very low toxicity of Bi-nanoceria to mammalian cells, aquatic organisms, and bacteria has been demonstrated by comprehensive
in vivo/in vitro testing, which, in addition to its simple “green” synthesis, high activity, and durability, makes Bi-doped ceria
promising for safe use in abatement of toxic chemicals.
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B INTRODUCTION

Utilizing the extraordinary properties of various nanomaterials

heavy metals®” and a wide variety of organic'® and
biological'"'* pollutants. In addition to the most studied
MO nanoadsorbents of iron,"”'* titanium,”'® zinc,'® and

is a great opportunity to make progress in many environmental
technologies, including water purification." Their implementa-
tion may help to satisfy the growing demand for clean water,
which is threatened by the growing number of so-called
emerging pollutants.”

Contaminants of emerging concern” are typically non-
regulated chemicals that comprise more than 40,000
chemicals,” including pharmaceuticals and personal care
products; veterinary drugs and antibiotics; various nanoma-
terials; persistent organic pollutants, such as polybrominated
flame retardants and perfluorinated compounds; endocrine-
disrupting chemicals, represented by estrogens, androgens, and
bisphenols; and some pesticides. Their concentration and
acute toxicity may be relatively low, but the combined and
long-term effects of this multitude of chemicals raise concern
as they enter the environment and the food chain.

Nanostructured metal oxides (MOs) can be used as
nanoadsorbents®° and/or photocatalysts’ as they are durable
and inexpensive and are able to remove pollutants at very low
concentrations and under varying conditions (such as pH and
temperature). MOs are being investigated for abatement of
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mang:mese,”’18 cerium oxide is very popular because it is
cheap and stable and has unique redox,"” (photo)catalytic,”’
and multienzyme mimetic properties,”’ which can be effective
against biological agents.””

In our previous works, we demonstrated the applicability of
nanoceria for the adsorption and degradation of toxic
organophosphorus (OP) pesticides” or chemical warfare
or exploited its phosphatase-mimetic ability toward
biologically relevant compounds.* In bifunctional TiO,/CeO,
nanocomposites,” accelerated decomposition of OP com-
pounds was advantageously achieved by combining reactive
adsorption with photoinduced degradation. CeO, reactivity is
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Figure 1. X-ray diffractograms of prepared (a) Ce—Bi oxides and (b) ceria/bismuth oxynitrates and Raman (c) and FTIR (d) spectra of all

prepared samples.

ascribed to the easy change of Ce*/Ce*" states, high oxygen

mobility, and surface defect structure,””*® which can be
controlled by the synthesis method or created by doping or
temperature treatment in various atmospheres.

Combining nanoceria with bismuth compounds, which are
often also photocatalytic, cheap, and have low toxicity,”” can be
particularly useful. Bi doping can improve the mobility of
lattice oxygen by decreasing the formation energy of oxygen
vacancies (OVs) and weakening the Ce—O bond, as
demonstrated both theoretically’® and experimentally.’”’" In
addition, unique asymmetrical vacancy sites formed in Bi/
ceria® allow for easy attachment and release of oxygen, which
may be particularly useful for catalytic reactions. Bi-modified
ceria can be prepared hydrothermally’** in an autoclave,
which can be difficult for up-scaling, or by coprecipitation®”*"
followed by calcination (500 °C*" or 600 °C*°), which requires
high energy consumption and results in larger, less reactive
particles, or the sol—gel method® using organic solvents and
high-temperature annealing (700 °C).

Herein, nanocrystalline cerium—bismuth oxides/oxynitrates
were prepared by an easily scalable low-temperature (up to 100
°C) method at ambient pressure using only common
chemicals and water as the only solvent. We showed that
bismuth causes significant changes in the structure and surface
properties of nanoceria, which leads to substantially enhanced
adsorption and photocatalytic activity. Several model com-
pounds were used for this study, namely OP compounds (i)
methyl paraoxon (MPO)—active metabolite of the OP
pesticide methyl parathion and (ii) bis(p-nitrophenyl)-
phosphate (BNPP)—an artificial substrate used for evaluating
phosphatase-like enzyme activity and endocrine disrupting
compounds (iii) bisphenol A (BPA) and (iv) bisphenol S

17957

(BPS). Finally, the toxicity of selected CeO,-based materials
was evaluated in several standardized tests to assess their
impact on aquatic (and other) organisms.

B MATERIALS AND METHODS

Sample Synthesis. A series of Ce/Bi oxides with different molar
ratios (1:0, 9:1, 7:3, 1:1, 3:7, 1:9, and 0:1; samples denoted
accordingly as XCeYBi) was prepared by wet chemical precipitation
and refluxing in water at ambient pressure and low temperature (<100
°C) without any calcination, following the procedure reported
elsewhere.’® See the detailed procedure in the Supporting
Information.

Characterization Methods. XRD, X-ray fluorescence (XREF),
XPS, electron microscopy (SEM and TEM) with EDS, spectroscopy
(UV—vis, Raman, and FTIR), nitrogen physisorption, acid—base
titrations, and zeta potential measurements were used to characterize
the materials. See details in the Supporting Information.

Degradation of Pollutants. OP compounds, MPO and BNPP,
and endocrine-disrupting compounds, BPA and BPS, were selected as
model pollutants for the degradation tests. The compounds were
removed from water by a combination of (reactive) adsorption (in the
dark) and photo-induced degradation (PID). See measurement
details in the Supporting Information.

To elucidate the role of reactive oxygen species (ROS) in
photocatalytic decomposition, a series of trapping experiments (on
sample 1CelBi) was conducted using different ROS scavengers.
Isopropanol (IPA), ethylenediaminetetraacetic acid disodium salt
(EDTA-2Na), and ascorbic acid (AA) at a concentration level of 1
mmol-L™" were used to scavenge hydroxyl radicals (*OH), holes
(hy*), and superoxide ion radicals (O,°”), respectively.

In Vivo/In Vitro Toxicity Testing. The environmental toxicity of
the materials was assessed using representative organisms at all stages
of the food chain, that is, primary producers (algae), consumers (fish
and invertebrates), and destruents (bacteria). Algal toxicity was
assessed in accordance with ISO 8692:2012 using the alga
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Figure 2. HRTEM (left), TEM/EDS (center), and SEM (right) analyses of the selected Ce—Bi samples.

Desmodesmus quadricauda, while bacterial toxicity was determined by
a growth test using Escherichia coli, Staphylococcus aureus, and
Rhodococcus erythropolis, representing Proteobacteria, Firmicutes,
and Actinobacteria, respectively. See detailed procedures in the
Supporting Information. Toxicity to the brine shrimp Artemia salina
was determined according to the procedure described previously.”

In Vitro rMSC PrestoBlue Cytotoxicity Assay. Rat bone
marrow mesenchymal stem cells (Rattus norvegicus, Sigma-Aldrich
Inc.) were used to evaluate in vitro cytotoxicity to mammalian cells, as
described in detail in the Supporting Information. The cytotoxicity
assay was performed using six concentrations (0.001, 0.01, 0.1, 1, 10,
and 100 uM) of the 1CeOBi and 1CelBi samples and controls
(positive control: 5% hydrogen peroxide; negative control: sample
free media). Cytotoxic effects were determined after 96 h by the
PrestoBlue (ThermoFisher Scientific, A13261) assay.

Fish Embryo Test. The fish embryo test (FET) using zebrafish
Danio rerio was performed at six concentrations (0.001, 0.01, 0.1, 1,

10, and 100 M) of the 1CeOBi and 1CelBi samples and controls
(positive control: 4 mg/L of dichloroaniline; negative control: ISO
water) for 96 h at 26.9 + 1 °C. 24 embryos per concentration or
control was used as individual replicates. See ref 38 and Supporting
Information for details.

B RESULTS AND DISCUSSION

Characterization of Ce,_,Bi,O, Solid Solutions. As
shown previously,” small (<5 nms but highly crystalline
aggregated ceria nanoparticles with a unique defect structure
were formed by simple refluxing of cerium hydroxide
precipitated in water and treated with H,0,, as evidenced by
XRD (Figure la, Table S1), Raman spectroscopy (Figure 1c),
electron microscopy with EDS analysis (Figures 2, S1—S3,
Table S2), and XPS (Table S3, Figure S4). However, since the
samples were prepared at a relatively low temperature,
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Figure 3. DRIFTS spectra of pyridine adsorption on prepared Ce—Bi

samples. preserved even after bismuth doping up to a 1:1 Ce/Bi molar
ratio (Figure la). Nevertheless, bismuth doping induced
nanoceria can contain some amount of residual hydrous oxide significant structural changes, such as linear lattice expansion
Ce0,-2H,0, indiscernible from CeO, by XRD. XRD analysis with a concomitant reduction in crystallite size from 3.2 nm for
showed that the cubic ceria structure as a single phase was pure nanoceria down to 2 nm for the 1CelBi sample (Table
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Figure 4. Degradation kinetic curves for reactive adsorption and PID of (a) MPO with concomitant production of its degradation product p-
nitrophenol (b); (c) BNPP with its product p-nitrophenol (d); and adsorption and PID of bisphenols A (e) and S (f) on selected Ce/Bi oxides in
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Figure S. Long-term experiment (390 min) of photo-induced
degradation of BPS using the 1CelBi sample in comparison with
the P25 benchmark photocatalyst.

S1). As reported in previous works,”"*” successful structural Bi

doping of ceria crystal structure led to lattice expansion, as Bi**
has a larger cation radius (1.17 A) than Ce*" (0.97 A), the size
of the coherent domain decreased, and OVs were formed.
These are consistent with our study (see lattice parameters and
size of the crystallites presented in Table S1), and it indicates
that structural Bi doping can be achieved by soft water-based
synthesis. The analysis of d-spacing (Figures 2 and S1—S3) was
consistent with XRD results. The value ~0.31 nm found in all
samples up to the 1:1 Ce/Bi ratio corresponded well to the
(111) plane of CeO,.

Structural changes can also be observed in the Raman
spectra (Figure 1lc). The main CeO, symmetric breathing
vibration band (F,,) was found to be broadened significantly,
decreased in intensity, and downshifted from 456 cm™ for
pure ceria (1Ce0Bi) to 437 cm™' for 1CelBi. These changes

were caused by a disorder in the oxygen sublattice, which is
related to the decreasing particle size and lattice expansion and
due to charge-compensating defects induced by doping of Bi**
cations into the CeO, lattice.”’ It has been previously
reported” that the cubic structure of ceria can accommodate
relatively large amounts of foreign Bi’* cations with a lower
valence than Ce*' to form a solid solution of Ce,_,Bi,O,,
where x can vary between 0.2 and 0.6, strongly depending on
the preparation method. As demonstrated here, ceria doping
with a relatively high amount of bismuth (up to 0.5) can be
achieved by a soft water-based method without hydrothermal
treatment.

Furthermore, the broad band at 1037 cm™' in Raman
spectra assigned to residual nitrates from the synthesis retained
its low intensity up to the 1:1 Ce/Bi ratio, but it shifted and
became sharp and intense at higher Bi concentrations as new
phases of bismuth oxynitrates formed (discussed below). The
new bands at 517 and 600 cm™}, which both became
prominent upon Bi doping (up to 1CelBi), can be ascribed
to the presence of Bi’* ions and the formation of charge-
compensating OVs, respectively.‘q’l’40 Vacancy formation leads
to an increase in optical absorption and a reduction of the
band gap energy (E,,) by introducing shallow bands,"" as
evidenced by Tauc plots derived from UV—vis reflectance
spectra for direct and indirect transitions (Figure SS), which
show that E, for direct transition decreased from 2.83 eV for
pure ceria to 2.48 eV for 1CelBi. The disorder induced by Bi
doping can facilitate the dissociative adsorption of dioxygen
and water, which is more favorable on the defective ceria
surface™*’ and can lead to the formation of various oxygen-
containing surface species, for example, surface hydroxyl
groups. Indeed, a higher number of surface —OH groups on
CeO,—Bi samples up to a 1:1 Ce/Bi ratio was detected by
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Figure 6. Recycling experiment of the photocatalytic decomposition of MPO (left) with the concomitant production of p-NP (right) on the sample

1CelBi (a) and P25 (b).
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Figure 7. In vivo/in vitro toxicity assays. (a—g) FET results for various concentrations of 1Ce0Bi and 1CelBi. (a,b,d,e) Dose—response and time-
course development curves of the tested concentrations of 1Ce0Bi and 1CelBi; (g) comparison of the in vivo toxicity of 1Ce0Bi and 1CelBi. (c,f)
Morphological effects caused by the exposure to individual concentrations over the whole 96 h period. Note: The absence of error bars means a
single FET experiment with 24 embryos per concentration as individual replicates. (h) Comparison of the in vitro toxicity (cytotoxicity) of 1Ce0Bi

and 1CelBi on the rMSC cell line.

FTIR spectroscopy (Figure 1d), as well as by XPS (Figure S4,
Table S3) and acid—base titrations (Table S4), which will be
discussed further below. In the FTIR spectra, a broad band
centered at about 3440 cm™' together with a band at 1624
cm™' belong to the adsorbed water and surface hydroxyl
groups, respectively. The gradual increase of the bands
between 1500 and 1300 cm™', which became prominent at a
higher Bi content, clearly shows the presence of NO;™.

Only one phase and morphology of the aggregated
nanoparticles (Figures 2, S1 and S2) was preserved up to a
1:1 Ce/Bi molar ratio but with an apparent merging of
individual nanoparticles at higher doping levels. Bi doping also
caused a gradual decrease in the surface area and pore volume
of nanoceria (Table S1).

Ceria/Bismuth Oxynitrates. At a Ce/Bi molar ratio
higher than 1:1, in addition to CeO,, a new bismuth-
containing phase was formed. In the sample 3Ce7Bi, the
basic oxynitrate Bi,O,(OH) (NO;) forming a flower-like
nanocomposite with CeO, (Figure 2) was identified in XRD
patterns (Figure 1b), while in samples 1Ce9Bi (Figure S3) and
0CelBi (Figure 2), a new unidentified highly crystalline phase
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with a distinct layered structure was formed. Basic bismuth
oxynitrates (BiON) resulting from the hydrolysis or thermal
dehydration of bismuth nitrate pentahydrate exhibit rich
crystal chemistry with many complicated compositions.**
The unknown phase was therefore attributed to some other
type of BiON, but we did not find this structure in previous
works, ¥~ including the references in this review.*® Several
BiONs are efficient photocatalysts for the degradation of
contaminants.*>***® The layered structure comprises
[Bi,0,]*" layers with embedded OH™ and (NO;)~ groups,
which induce spontaneous polarization and effectively separate
photogenerated charge carriers.”” The preparation of BiON
with well-defined compositions through a facile route is still a
challenge. As shown here, these structures can be easily
prepared by refluxing bismuth nitrate aqueous solutions
instead of the hydrothermal route.

The bands at 76, 104, 153, and 194 cm™' in the Raman
spectrum of 3Ce7Bi (Figure 1c) correspond well to the
Bi,0,(OH)(NO;) phase.”” The spectra of 1Ce9Bi and 0CelBi
show very rich spectral features, which are typical of bismuth
oxides at 62, 77, 89, 119, 139, 159, 207, 268, 380
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(combination), 493, and 629 cm™". In general, vibrations in the
100—200 cm™" region belong to the Bi**—O vibrations in BiOy4
octahedra, and those between 120 and 150 cm™ may be
assigned to the displacement of bismuth and oxygen atoms,
while BiOg4 octahedral units have vibrations between 600 and
1000 cm™".>7>* Most bands up to 300 cm™" are similar to a-
Bi,05, where the mode 119 cm™ comes from the A, symmetry
and the modes 139 and 159 cm™' are related to the
displacements of both Bi and O atoms.’® The complex
combination of bands at 380 and 493 cm™ is related to O—
Bi—O or Bi—OH bonds,*>™>° and the 629 cm™' mode can be
attributed to the Bi—O vibration of non-bridging oxygen,”
while the 709 cm™ mode and very strong 1041 cm™' mode are
features of NO;~,* which altogether indicate some type of
BiON of unidentified structure produced by dehydration
reactions under thermal treatment with reflux. While for CeO,
(and Bi-doped ceria), the residual free nitrates from the
synthesis lead to a broad small peak at 1037 cm™, the
formation of a distinct layered structure in BION (3Ce7Bi)
comprising [Bi,0,]*" layers with embedded OH™ and (NO;)~
groups probably results in different polarizations and a red shift
of this band to 1031 cm™". At even higher Bi amounts (1Ce9Bi
and 0CelBi), this band becomes very sharp and intense.

Accordingly, in the FTIR spectra of 1Ce9Bi and 0CelBi
(Figure 1d), the bands at 617 and 559 cm™" belong to the Bi—
O stretching modes.”® The bands at 828 and 1041 cm™' of
nitrates®” in Ce,_,Bi,O,_; solid solutions (up to a 1:1 Ce/Bi
ratio) become very sharp and narrow at a higher Bi
concentration when BiON phases are formed.

Along with the formation of a new phase, the morphology of
the samples changed dramatically. In the 3Ce7Bi sample
(Figure 2), flower-like aggregates of Bi,O,(OH)(NO;) with a
size of a few microns formed, similar to those prepared
hydrothermally by Han et al,* with highly dispersed but
firmly attached nanoceria particles. Their formation was also
confirmed by d-spacing analysis (Figure 2), the found value of
0.309 nm was assigned to the (111) plane of CeO,. The
samples 1Ce9Bi (Figure S3) and 0CelBi (Figure 2) have a
distinct layered structure, which consists of thin stacked highly
crystalline (see TEM in Figure 2 on the left) sheets with a size
of several hundred nanometers, typical of BION with a Sillen/
Aurivillius-type® structure. Detailed TEM and SEM analysis of
the 1Ce9Bi sample (Figure S3) revealed the presence of
dispersed nanoparticles on the nanosheets. Elemental analysis
by EDS (Figure S3 inset) showed a higher amount of cerium in
the particles, and the d-spacing of the particles corresponds to
the (111) plane in CeO,, suggesting the formation of dispersed
nanoceria on the sheets, although they were not identified by
XRD or Raman spectroscopy, probably due to the low amount
of very small and highly dispersed particles. The additional d-
spacing values of ~0.38 and ~0.28 nm of an unidentified
layered structure were found in samples 1Ce9Bi and 0CeBi.

Elemental Composition and Surface Chemical Prop-
erties. Samples’ bulk composition was studied by XRF and
TEM/EDS (Table S2), while the surface composition was
investigated by XPS (Figure S4, Table S3). Surface chemical
properties were evaluated by acid—base (Table S4) and zeta
potential titrations (Figure S6) and pyridine adsorption
(Figure 3).

Bi, Ce, O, and C were detected on the surface layer of the
samples by XPS, while only traces (up to 3 at. %) of nitrogen
were detected in BiONs. Note that the XPS sensitivity for
nitrogen is low. The high-resolution spectrum of Bi 4f (Figure

S4) shows two signals at 158.4 and 163.7 eV, corresponding
well to Bi 4f,, and Bi 4f;/, of Bi*" in all samples.”” Complex
Ce states were assigned according to a previous work.”" In all
samples, predominantly Ce*" states with the contribution of
reduced Ce**' states (ranging between 7 and 17%) were
found, which is typical for nanoceria prepared by the wet
chemical method. The O 1s peak is quite complex due to a
number of various expected species and was fitted tentatively
by four components—Ce*—0 (529.6 eV, red), Ce**'—O
(531.6 eV, ocher), Bi**—0 (529.5 eV, blue), and X—OH (X =
Ce, Bi; 532.7 eV, green). The surface chemical composition
(Table S3) clearly shows a lower Ce/Bi ratio on the surface
than the theoretical and in the bulk (see EDS and XRF
analyses data in Table S2), indicating that Bi is distributed
mainly on the surface of the samples. The elemental
compositions obtained by EDS and XRF are in relatively
good agreement.

The number of surface hydroxyl groups (qoy, Table S4),
which also strongly affects the surface charge of the materials in
solution, can be calculated from acid—base titration curves.®!
The surface hydroxyl site density (agy), obtained by
normalizing qoy per surface area, increases with increasing
amount of Bi in the sample. Measurement of the zeta potential
as a function of pH (Figure S6) shows that all samples have
highly positive values (above +30 mV) at pH 4—8, which
indicates very good colloidal stability of the particles in
aqueous solutions. Moreover, increasing Bi concentration in
the samples significantly (i) increases their positive zeta
potential (by about +5—8 mV), which further improves
colloidal stability in solution at higher pH values (by 1—2) and
(ii) increases the isoelectric point (pHieP) from 9.3 for pure
ceria to the highest value of 11.8 for the 1Ce9Bi sample due to
the increased formation of OVs* and the higher number of
basic surface groups. This is in accordance with XPS and acid—
base titrations, which also show a significant change in the
surface chemical properties of Bi-modified samples.

Adsorption of gaseous pyridine (Py) on the solid surface can
provide information on surface acid sites (Figure 3). In the
spectra of all samples, the band at about 1594 cm™ together
with the combination band at 1444 cm™ results from
coordination of Py to unsaturated metal cations representing
Lewis acid sites (L-py).®>®* Interestingly, its intensity is higher
for Bi-modified samples (especially for 1CelBi), indicating a
higher number of acid sites, probably because Bi cations are
predominantly distributed (and exposed) on the surface (see
XPS results). Furthermore, the gradual shift of the 1594 cm™
band to lower values at higher Bi concentrations suggests a
slightly lower acidity of the metal sites due to the substitution
of Ce by Bi cations. The small band at about 1575 cm™ visible
in all samples results from hydrogen-bonded Py to weakly
acidic isolated surface OH groups (Hb-Py).”>* Interestingly,
the bands at 1637, 1614, 1202, and 1166 cm™' indicate the
presence of H-donor sites with Brensted acidity by forming
pyridinium ions.”>~®* The formation of these sites is related to
the synthesis procedure utilizing hydrogen peroxide, which
causes the formation of a highly defective structure with
various oxygen-containing surface species (such as OH
groups), which is not typical for ceria prepared by other wet
chemical methods, as shown in our previous work.”® The
formation of H-donor sites may also be related to surface
hydroxyl groups from residual Ce(OH), in samples prepared
at low temperature and OH groups in the BiON structure
(3Ce7Bi). As is evident, Bi doping increases Bronsted acidity
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(up to 1CelBi), while these sites are diminished in basic
oxynitrates. In general, the 1CelBi sample shows the largest
number of both Lewis and Brensted acid sites.

Degradation of OP Compounds. The prepared Ce—Bi
samples were used for degradation of OP compounds MPO
and BNPP by the combined effects of reactive adsorption and
UV-induced photodecomposition (for clarity, only selected
samples are presented in Figure 4a—d, and kinetic parameters,
including rate constants, for all samples are given in Tables S5
and $6). MPO is a highly toxic active metabolite of the methyl
parathion herbicide, which is readily soluble in water and is
also often used as a simulant of GB and VX chemical warfare
agents.”® BNPP is structurally similar to some OP pesticides, is
soluble in water, and is used as a model compound to estimate
phosphodiesterase (PED) activity.*®

Consistent with our previous work, >’ pure nanoceria (Figure
4a, black squares) prepared by peroxo-route has a good ability
to degrade OP compounds (such as MPO) in the dark by
dissociative adsorption to form p-nitrophenol (p-NP) as its
degradation product (Figure 4b) by the Sy2 nucleophilic
substitution mechanism. Bi-doped ceria samples show a
slightly lower initial adsorption/degradation rate than MPO,
while BiONs show a significant decrease of both adsorption
and degradation activity, likely due to the significantly reduced
surface area and changes in surface properties. The P25
photocatalyst used here as a benchmark shows relatively good
adsorption capacity (but still lower compared to Bi-doped
ceria), but is unable to degrade MPO, which is consistent with
our previous observations,” indicating low or no TiO,
reactivity toward OP pesticides.

UV illumination (from 60 min onward) initiates/accelerates
the degradation of MPO on all samples (including BiONs),
proving that they all act as photocatalysts. As expected, P25
exhibits a high rate of PID, but after 120 min, the residual
MPO concentration does not decrease further, probably due to
the accumulation and preferential degradation of slowly
degrading products. Interestingly, no p-NP production was
observed in solution. In contrast, pure ceria and Bi-doped
samples degrade all MPO in solution with the concomitant
build up of p-NP as the main degradation product. This
suggests that the degradation mechanism on P25 may be
different compared to nanoceria, or that the p-NP produced on
P25 is not released into solution but rather degrades further on
its surface.

The selected samples (pure ceria, P25, and 1CelBi) were
used to degrade another OP compound, BNPP (Figure 4c,d,
Tables S7 and S8), which can be used to estimate PED activity.
BNPP is more prone to spontaneous degradation compared to
MPO; therefore, twice higher initial concentration was used.
Nanoceria and the 1CelBi sample rapidly degrade all BNPP
within minutes in the dark, proving their excellent PED
activity, while P25 has only negligible reactivity. Nevertheless,
as can be seen, pure ceria produces a higher amount of p-NP
compared to 1CelBi (Figure 4d), which proves that
substitution of Ce cations by Bi is slightly detrimental to
PED activity due to different acid—base properties of the
cationic centers.

UV illumination initiates the slow degradation of BNPP on
the P25 catalyst with concomitant p-NP production, but the
BNPP concentration remained above 70% after 240 min,
indicating a relatively low ability of P25 to degrade it. As with
P25, UV light accelerates the production of p-NP on pure
nanoceria, whose concentration remains constant after 120

min. In stark contrast, on 1CelBi, UV illumination leads to
rapid degradation of p-NP, indicating a much better ability of
Bi-doped ceria to degrade parent OP compounds (such as
BNPP) along with its degradation product (p-NP) compared
to pure ceria and P25 photocatalysts. To demonstrate this, the
samples were tested for PID of p-NP alone (Figure S7). As is
evident, 1CelBi significantly outperforms all other samples in
p-NP adsorption and photodecomposition, indicating its
suitable surface properties for p-NP adsorption and a high
photocatalytic activity due to Bi doping.

The improved photocatalytic performance of the 1CelBi
sample can be caused by several effects. In addition to the
change in surface and adsorption properties, Bi doping causes
disorders and defects in the ceria structure (see Raman and
XPS results) that can act as trapping sites for excited electrons
and holes, which can lead to their better separation and thus
restrict their recombination.”” Moreover, Bi doping decreased
the band gap (Figure SS), which should lead to easier (faster)
excitation of the electrons that can be trapped on the defects
and disorders caused by Bi doping.’* These effects should
contribute to improved photocatalytic decomposition.

Trapping Experiment of the Photogenerated Active
Species. The reactive species generated during the MPO
photodegradation on the 1CelBi sample were identified by
free radical and hole trapping experiments in the presence of
various scavengers in the reaction solution, including IPA (for
*OH scavenger), EDTA-2Na (h,,"), and AA (O,*”) (Figure
S8). Without any scavenger, ca. 35% of MPO was photo-
degraded upon illumination (at time 240 min). When IPA was
added to the reaction solution and illuminated, the efficiency of
photodegradation was reduced to only ~6%, while it was
reduced to 9% in the presence of EDTA. The addition of AA
to the reaction leads to a slight decrease of the photocatalytic
efficiency to ca. 27%. This indicates that the hydroxyl radicals
(*OH) are the primary active species for MPO decomposition
together with photogenerated holes (h,,"), and O,*” radicals
contribute only a little to the photodegradation. These results
seem to be consistent with our investigations of Bi-doped ceria.
The defects, such as OVs that are readily formed upon Bi
doping can boost the separation of photogenerated charge
carriers (electron—hole pairs) and therefore (h,*) can
significantly participate in photodegradation. Moreover, the
formation of the (*OH) radical, which significantly contributes
to photodegradation, is also very favorable due to the large
number of oxygen-containing surface groups and adsorbed
water (see XPS and FTIR results) on the sample 1CelB;j,
which is related to defect formation or water-based synthesis.

MPO Degradation Mechanism. The MPO degradation
can be thus described by several consecutive steps as follows:
(i) The dissociative adsorption (in the dark) is realized
through the binding of the phosphoryl oxygen in the MPO
molecule to the metal cation on the CeO,—Bi surface. Then, a
surface hydroxyl group attacks the central P atom, resulting in
the production of p-nitrophenol (p-NP) as a leaving group by
Sx2 nucleophilic substitution. At the same time, the residual
phosphate can be bound to the surface of the catalyst. (ii)
Upon light irradiation, generated positive holes (hy,") react
directly with MPO or with adsorbed water (H,O,4,) or surface
hydroxyl groups to give strong oxidizing *OH radicals at the
MO surface according to eq 1

H,0, + h} — *OH + H* (1)
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The °OH radicals immediately react with the MPO
molecule to form its excited intermediate (MPO%*), which
accelerates its further degradation to the main degradation
product p-nitrophenol (p-NP). This mechanism is proposed in
Scheme 1.

Degradation of BPA and BPS. The selected samples were
further tested for PID of endocrine disruptors BPA and BPS
(Figure 4e,f, Table S9), which are not spontaneously degraded
in the dark by reactive adsorption on nanoceria. As is evident,
the adsorption of bisphenols is very different on P25, ceria, and
Bi-modified sample (1CelBi) and is strongly dependent on the
surface structure of the catalyst (and acid—base properties)
and the bisphenol structure.

The sample 1CelBi shows the highest affinity to BPA (17%
of BPA pre-adsorbed), followed by pure ceria (12%), and the
lowest adsorption was observed on P25 (<5%). Interestingly,
this order was maintained also for PID of BPA (initiated at t =
60 min), as indicated by the rate constants (Table S9). This
demonstrates that a good match between the adsorbate and
the adsorbent plays a major role for its further photo-
decomposition.

BPS has a different structure containing a sulfonyl group, is
more hydrophilic than BPA, and has a higher dipole
moment,”® which all result in very different adsorption
properties. Again, on P25, the amount of preadsorbed BPS
during 60 min in the dark was negligible (6%), while 1CelBi
showed almost four times better adsorption (22%), and that of
pure ceria was almost seven times better (42%). The superior
adsorption of BPS on nanoceria may be due to the high affinity
of the oxygen in the sulfonyl group for the ceria surface
(analogous to the phosphonyl group). As is evident, Bi doping
alters the surface chemical properties of the catalyst, which
results in different adsorption of pollutants. The sample
1CelBi with more acidic surface Ce*" cations replaced by Bi**
(with higher basicity, see Table S4) and with substantially
higher number of surface hydroxyl groups (as shown by XPS)
and different surface acid sites (Figure 3) shows slightly better
BPA adsorption but lower BPS adsorption compared to pure
nanoceria. This indicates that the sulfonyl group in the
pollutant structure promotes adsorption onto nanoceria and
that the selectivity of the catalyst (toward BPA or BPS) can be
controlled to some extent by replacing Ce cations with Bi
cations.

Nevertheless, P25 shows the highest initial PID rate (and
thus the highest total removal rate after 240 min—79%)
followed by pure ceria (76%) and 1CelBi (65%). However,
the degradation kinetics are very different for each sample. As
is evident, PID utilizing P25 is very rapid at first but slows
down at a later stage as some difficult-to-degrade intermediates
are formed. Pure ceria shows a similar course of reaction. In
contrast, the 1CelBi sample shows a lower initial rate but
without a significant slowdown of the reaction at longer
illumination times. Therefore, P25 and 1CelBi were tested in a
prolonged degradation experiment (Figure 5), which indicates
that the 1CelBi sample will outperform P25 at longer times
(>390 min). This suggests that the adsorbent surface structure
has a tremendous effect on the degradation of BPS. Here, P25
(and pure ceria) produces some intermediates that hinder
degradation of the parent compound (BPS) at longer times,
while on 1CelBi the mechanism of degradation is either
different (i.e., the intermediates formed are different) or the
slowly degrading products are easily desorbed from the surface,
which enables further degradation of BPS. From this point of

view, the 1CelBi sample provides much higher durability and
long-term stability than P2S (and ceria), which are caused by
altering the catalyst’s acid—base surface properties.

Recycling Experiments. The durability of the 1CelBi and
P2S reactive adsorbents/photocatalysts was examined in a
series of repeated MPO degradation experiments (Figure 6),
with washing of the adsorbent with water and acetonitrile
between cycles as described elsewhere.”> XPS and XRD
measurements were performed before and after the degrada-
tion of MPO to investigate possible structural changes of the
sample 1CelBi between cycles. As shown in the diffractograms
of the sample before and after MPO degradation (Figure S9),
no changes in the crystal structure, crystallinity, crystalline size,
or any new phases resulting from MPO decomposition were
detected. Similar results were obtained from XPS analysis
(Figure S10, Table S10). No surface contaminants (such as P
or a large amount of C) were detected, and the chemical
bonding structures of Ce and Bi were not changed. Note that
during the procedure, a non-negligible amount (5—10%) of the
sample is lost in each cycle due to centrifugation/washing/
drying and sampling from the reaction mixture. In the case of
1CelBi (Figure 6a), the amount of MPO removed after two
cycles (240 min each) is almost identical (<96%), and the
third cycle led to a decrease in activity of about 10%, which is
an excellent result taking into account material loss between
cycles. This also suggests that possible MPO degradation
residues are not too firmly bound to the active sites on the
catalyst, and the washing procedure used may lead to catalyst
regeneration. The fourth cycle leads to a higher decrease in
activity (yet more than 60% of MPO was removed after 240
min), likely due to a significant loss of sorbent.

P25 (Figure 6b) can degrade up to 90.8% of the MPO in the
first cycle after 240 min, but the degradation slowed rapidly
after 120 min, probably due to the accumulation of
intermediates that are degraded preferably. The second cycle
led to a significant decrease in activity, with only 70.7% of
MPO removed from the solution by adsorption/PID. In the
third and, quite surprisingly, also in the fourth cycle, the
removal of MPO achieved 55%. Again, no p-NP production
was observed on P25, suggesting that it is either tightly bound
to the surface, where it may prevent further adsorption of
MPO and thus worsen its degradation in the second and
subsequent cycles, or alternatively, MPO may be degraded by a
different degradation pathway on P25 due to its very different
surface properties compared to the 1CelBi sample.

Evaluation of Toxicity In Vivo/In Vitro. The effect of
pure ceria and the 1CelBi sample on aquatic and other
organisms was evaluated using representatives of bacteria,
algae, invertebrates, and fish (Figure 7, Table S11).
Concentration—response curves are presented in Figures
S11-S16 in Supporting Information. The toxicity of both
materials was low or even undetectable for all tested organisms.
Growth inhibition did not exceed 50% even at the highest
concentration tested, which made it impossible to accurately
calculate ECg, values, which, however, were always below the
limit (100 mg/L) for considering the material to be toxic to
aquatic organisms. At lower nanoceria concentrations, the
tested bacteria and algae even showed a slight improvement in
their growth (see Supporting Information), a form of hormesis.

In Vitro rMSC PrestoBlue Cytotoxicity Assay. To assess
mammalian toxicity, MSC cells were exposed to 1Ce0Bi and
1CelBi at 6 concentrations (0.001, 0.01, 0.1, 1, 10, and 100
uM) for 96 h. No significant decrease in cell viability (Figure
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7h) was observed compared to the negative control (sample-
free media). 1Ce0OBi and 1CelBi show no significant cytotoxic
effect on cultured rtMSC cells.

In Vivo Toxicity Tests on Model Fish. The in vivo
toxicity of pure ceria (1CeOBi) and the 1CelBi sample was
tested in the concentration range 0.001—100 uM (Figure
7a,b). Toxic effects were more severe at higher concentrations
and longer exposures; however, both compounds show
relatively low in vivo toxicity. Exposure to the maximum test
concentration (100 M) of 1CelBi was not sufficient to
induce 100% lethality. The observed morphological effects for
1CelBi (Figure S17) were represented mainly by embryo
coagulation, for pure ceria by coagulation, and partly by growth
retardation and malformation (Figure 7c). Malformations
usually indicate a possible toxic impact on the early
development of zebrafish embryos. High concentrations of
both compounds seem to disrupt the gastrulation process,
leading to organogenesis and coagulation failure. The hatching
success of the tested embryos (data not shown) did not differ
significantly compared to the embryos treated with the
negative control, indicating that the properties of chorion
were not altered in the presence of pure ceria or 1CelBi.

The LDy, values for the 96 h time point were 5.526 uM (p =
0.001) for 1Ce0Bi and 25.757 uM (p = 0.003) for 1CelBi.
1CelBi shows a slightly lower toxicity compared to pure ceria,
which is consistent with the very low toxicity of bismuth®’
among other heavy metals. However, as all tests show, the
toxicity of prepared nanoceria and Bi-modified nanoceria is
generally very low, making them a promising material for the
safe use as bifunctional reactive nanoadsorbents/photocatalysts
for abatement of toxic chemicals in aquatic environments.

B CONCLUSIONS

Nanocrystalline cerium—bismuth oxides/oxynitrates were
prepared by an easily scalable low-temperature ambient
pressure method using water as the sole solvent. Photocatalytic
Bi-doped nanoceria was formed up to a 1:1 molar ratio, while
at higher Bi doping levels, basic bismuth oxynitrate photo-
catalysts with a pronounced layered structure formed nano-
composites with nanoceria. Bi doping of nanoceria induced
defect formation and higher Lewis and Brensted acidity,
decreased band gap energy, increased zeta potential, and
improved particle stability in solution at higher pH values,
which result in higher photocatalytic activity toward OP
compounds and improved adsorption and photodecomposi-
tion of bisphenols.

Bi doping enhanced the photodecomposition of the parent
OP compound, but importantly it also led to efhicient
photodegradation of the resulting products (concretely p-
NP). Bi doping also improved the adsorption/photodegrada-
tion of BPA and BPS (at prolonged times) probably due to a
different degradation mechanism or efficient desorption of the
reaction intermediates, leading to higher durability and long-
term stability compared to P25 (and pure nanoceria).

Finally, low toxicity to mammalian cells and aquatic
organisms of prepared Bi-doped nanoceria was demonstrated
by comprehensive in vivo/in vitro testing on cells, bacteria,
algae, invertebrates, and fish. The high activity, durability, and
low toxicity of Bi-doped ceria, which acts as a bifunctional
reactive nanoadsorbent/photocatalyst, make it promising for
safe use in abatement of toxic chemicals in the aquatic
environment.
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