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ABSTRACT: Understanding how crystal facets dictate the Distinct facet-dependent affinity mechanisms of
adsorption mechanisms of multifunctional oxides is crucial for CeO, toward organic vs. inorganic fluorides
designing selective materials  for  fluorine-containing vy 1y
contaminants. Here, CeO, nanocrystals with dominant (111) 200-

=)
t=3

facets in octahedra (Oct), (110) facets in rods (Rod), and (100)

facets in cubes (Cube) were synthesized to elucidate facet- Tgw_ o
dependent interactions with fluorinated organics and inorganic E— Bl
fluoride. Oct exhibited the highest capacity and kinetics for g“’ £
perfluorooctanoic acid (PFOA) adsorption, while Rod showed 8 0] S 804
. " . q < H 3
superior performance toward F-. Spectroscopic analyses and site- E T
20

quenching tests revealed distinct active sites: surface hydroxyl | ] E
groups and oxygen vacancies governed F- uptake via ion |
exchange and vacancy filling, whereas unsaturated Ce(lV) Lewis
acid sites drove PFOA adsorption through C—F bond polarization
and lattice oxygen substitution. Pyridine-IR and phosphate
inhibition experiments confirmed the key role of facet-dependent Lewis acidity, following the order Oct > Rod > Cube. DFT
calculations further demonstrated that the (110) facet favors hydroxyl and F- binding, while the (111) facet exhibits the
strongest Lewis acidity and charge transfer with fluorinated organics. This study establishes the structure—facet—function
correlation in CeO,, unveiling dual active-site mechanisms that differentiate inorganic and organic fluorine adsorption and
offering mechanistic insights for rational design of advanced fluorine-selective materials.

o
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1 Introduction Among these, PFAS, high-value products of the fluorochemical

) o ) ) o ) ] industry [4], are particularly concerning due to their widespread use
.Fluorlne—contammg. contaminants, including inorganic fluoride and exceptional stability [5, 6]. Owing to the strong and highly
ions (F) and organic per- and polyfluoroalkyl substances (PFAS), polarized carbon-fluorine (C-F) bond (~ 485 kJ-mol™) [7], PFAS
are of increasing environmental concern due to their persistence,

mobility, and toxicity. Elevated concentrations of F- from fluorine
chemical industry and geogenic sources pose significant risks to
public health [1, 2]. Moreover, polyfluorine emissions occurring
throughout different stages of fluorine chemical production
contribute to the release of various organic fluorine pollutants [3].

exhibit outstanding resistance to thermal, chemical, and biological
degradation. Consequently, their persistence and global ubiquity
have led to their recognition as one of the most challenging classes
of emerging environmental contaminants [8].

Conventional physical methods for fluoride removal—such as
adsorption, coagulation, and membrane separation—often suffer
from poor selectivity and strong dependence on solution chemistry
(e.g, pH, competing anions, and natural organic matter) [9-11].
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Accepted: January 5, 2026 Meanwhile, chemical destruction routes for PFAS, including
advanced oxidation/reduction processes [12, 13], electrocatalysis
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intrinsically low affinity between conventional catalysts and PFAS
molecules. The absence of strong interfacial interactions hampers
mass transfer and active-site accessibility, resulting in sluggish
reaction kinetics and high energy consumption [8, 19, 20]. These
limitations highlight the need for rationally designed materials that
possess intrinsic selectivity toward fluorinated species. Such fluorine-
affinitive materials can not only serve as efficient adsorbents for
both inorganic fluoride and PFAS but also function as catalytic
platforms that facilitate the activation and cleavage of strong C-F
bonds, offering an integrated strategy for fluorine capture and
degradation.

Nanostructured metal oxides have garnered considerable
attention for removing fluorine species due to their high surface
reactivity, tunable chemistry, and abundance of active sites. Among
them, cerium dioxide (CeO,) stands out as a multifunctional
candidate due to its unique redox flexibility and surface
coordination environment, characterized by the coexistence of
Ce™/Ce* pairs, abundant oxygen vacancies, and strong Lewis
acidity [21, 22]. These features endow CeO, with dual affinity
toward fluorine species: the ability to form robust Ce-F bonds
facilitates fluoride adsorption, while the same interaction can
polarize and weaken the C-F bond in fluorinated organics, thereby
promoting its activation and cleavage [21, 23, 24]. Leveraging these
attributes, CeO,-based materials have shown great promise in both
adsorption and catalytic degradation applications. For instance,
Ce0O,-ZrO, nanocages achieved high fluoride adsorption capacities
up to 175 mg-g" [25], while Bi,O,/CeO, plasma catalysts enabled
nearly complete PFOA decomposition within 30 min with a 5.7-
fold enhancement in rate and 72.6% reduction in energy
consumption compared to plasma alone [26]. Nevertheless, most
existing studies address either inorganic fluoride or PFAS separately
[27-30], ignoring the frequent coexistence of the two in natural and
engineered environments, and the fundamental distinctions in their
interfacial affinity and reaction mechanisms on CeO, remain largely
unexplored, leaving a critical gap in understanding the selective
remediation strategies for fluoride pollution by CeO,-based
materials.

Given these unique redox and coordination properties, facet
engineering of CeO, nanocrystals provides an effective route to
further tailor their surface chemistry and reactivity. The low-index
(111), (110), and (100) planes of CeO, are well known to expose
distinct coordination environments, oxygen vacancy formation
energies, hydroxylation tendencies, and redox behaviors [31, 32]. By
selectively tuning these surface terminations, facet engineering not
only enhances performance but also reveals the structure-activity
relationships that govern interfacial reactions [33]. For example,
Tan et al. found that CeO, nanocrystals dominated by the (111)
facet exhibited superior dephosphorylation activity, with reactivity
closely associated with Ce oxidation states and surface acidity [34].
Through systematic facet engineering, it becomes possible to
distinguish the affinity mechanisms of CeO, toward F- and PFAS,
thereby identifying the key active sites and surface factors that
dictate their respective interactions. However, the specific
mechanisms by which CeO, facets regulate their affinity and
activation toward different fluorine species remain largely
unexplored. Addressing this gap is essential for identifying facet-
dependent active sites that determine selective adsorption and
catalytic activation of fluorine-bearing contaminants.

Herein, we systematically investigated, for the first time, how
facet-dependent properties of CeO, regulate the adsorption of
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fluorinated organics and inorganic fluoride, thereby disentangling
their distinct affinity mechanisms on a unified platform. Facet-
controlled CeO, nanocrystals predominantly exposing the (111),
(110), or (100) facets were synthesized, and the corresponding
structure-activity relationships were established. By integrating
adsorption experiments with density functional theory (DFT)
calculations, we revealed that fluorinated organics represented by
perfluorooctanoic acid (PFOA) and F- favor different optimal facets
on CeO, and are governed by fundamentally distinct adsorption
mechanisms and active-site determinants.

2 Materials and methods

2.1 Chemicals

Cerium  nitrate  hexahydrate  (Ce(NO;)6H,O,  99.95%),
perfluorooctanoic acid (PFOA, 96%), perfluorooctanesulfonic acid
(PFOS, 99.5%), sodium fluoride (NaF, 99.9%), and activated carbon
powders (AC, 400 mesh) were obtained from Macklin, China.
Hydrochloric acid (HCI, 37%), sodium hydroxide (NaOH, > 96%),
trifluoroacetic acid (TFA, 99%), and sodium phosphate (NasPO,,
96%) were purchased from Aladdin, China. HPLC-grade
ammonium acetate (NH,Ac, = 99%, Macklin, China) and methanol
(MeOH, Merck, Germany) were used for mass spectrometry
analysis. Ethanol (= 99.7%) was obtained from Sinopharm Reagent,
China. All reagents used in this work were used without further
purification. Ultrapure water (resistivity > 18 MQ-cm) produced by
a Millipore system (Millipore, Billerica, MA, USA) was used to
prepare all solutions.

2.2 Preparation of facet-controlled CeO,

CeO, nanocrystals with different exposed facets were synthesized
via a hydrothermal method adapted from previously reported
literature [35, 36]. Octahedra, nanorods, and nanocubes were
prepared using similar procedures, with variations in the dosages of
Ce(NO;);:6H,0O and NaOH, and hydrothermal conditions. For
CeO, octahedra, 1.95 g of Ce(NO;);6H,O and 0.08 g of NaOH
were dissolved in 40 mL of ultrapure water, stirred at room
temperature for 1 h to obtain a homogeneous solution, and then
transferred to a 50 mL polytetrafluoroethylene (PTFE)
hydrothermal reactor. The mixture was heated at 180 °C for 12 h.
After natural cooling, the precipitate was collected by
centrifugation, thoroughly washed several times with ultrapure
water and ethanol to remove residual impurities, and then dried in
a vacuum oven at 60 °C overnight. For CeO, nanorods, 1.8 g of
Ce(NO5);6H,O and 84 g of NaOH were used, and the
hydrothermal reaction was carried out at 100 °C for 24 h. For CeO,
nanocubes, 0.5 g of Ce(NO;);-6H,0 and 4.0 g of NaOH were used,
followed by hydrothermal treatment at 200 °C for 24 h. The
resulting samples were denoted as Oct, Rod, and Cube, respectively.
Additionally, to further obtain a series of CeO, samples with the
same crystal facet but varying chemical states, the powders of Oct,
Rod, and Cube were calcined in air at 200, 400, 600, and 800 °C for
4 h with a heating rate of 10 °C:min™. These calcined products were
labeled as O-, R-, and C-200/400/600/800, respectively.

2.3 Characterization

Transmission electron microscopy (TEM; Talos F200X G2,
Thermo Fisher Scientific, USA) coupled with an energy-dispersive
spectroscope (EDS) was employed to observe the morphology,
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surface element distribution, and exposed facet of CeO,
nanocrystals. The chemical composition and crystalline nature of
CeO, were explored by powder X-ray diffraction (XRD; Rigaku
Smartlab 9 kW, Rigaku, Japan), operated at 45 kV and 200 mA
with Cu-Ka radiation (A = 15406 A). Nitrogen adsorption-
desorption  isotherms =~ were  measured  using  the
Brunauer-Emmet-Teller =~ (BET) method (ASAP 2020,
Micromeritics, USA) in a liquid N, bath (77 K) to determine the
specific surface area and pore size of CeQO, Before the
measurements, the samples were degassed at 200 °C for 6 h, under
a pressure below 5 Pa. The surface zeta potential of CeO, was
measured using a Zetasizer Nano ZS instrument (NanoBrook
Omini, Brookhaven, USA). Fourier-transform infrared
spectroscopy (FT-IR; Vertex 70v, Bruker, Germany) was employed
to identify the characteristic functional groups of CeO,. Raman
spectra were collected using a LabRAM HR Evolution with a
532 nm laser (Horiba, Japan). X-ray photoelectron spectroscopy
(XPS; PHI 5000 Versaprobe III, ULVAC-PHI, Japan) was
employed to determine the elemental compositions and chemical
states of CeO,, with binding energies calibrated to the C 1s peak at
284.8 eV. To characterize the Lewis acidity of CeO,, pyridine-IR
spectra were collected using a Tensor 27 spectrometer (Bruker,
Germany). Prior to measurements, the samples were pretreated
under vacuum at 200 °C for 1 h, exposed to pyridine vapor at room
temperature for 0.5 h, and subsequently heated to 150 °C and
evacuated for 1 h to desorb physically adsorbed pyridine [37].

24 Adsorption experiments

Fluorinated organic and inorganic fluoride stock solutions were
prepared using ultrapure water, with PFOA (1 mgL™") and NaF
(50 mg-L™" for F), and the pH was adjusted to 3.5 with 1 M HCL.
Batch adsorption experiments were conducted to evaluate the
adsorption performances of CeO, materials. In each experiment,
20 mg of adsorbent was added to 40 mL of the test solution (PFOA
or F) in 50 mL polypropylene (PP) vials, which were stirred at
400 rpm at room temperature (25 + 1 °C) to ensure homogeneous
mixing. After equilibration, the suspensions were filtered through
022 pm polyethersulfone (PES) syringe filters (Tianjin Jinteng
Technology Co., Ltd.) for subsequent analysis. Residual PFOA and
F~ concentrations were determined employing a high-performance
liquid chromatograph coupled with a triple quadrupole mass
spectrometer  (LCMS-8045, Shimadzu, Japan) and ion
chromatography (IC; Dionex Aquion RFIC, Thermo Fisher
Scientific, USA), respectively. Detailed analytical procedures are
provided in Texts SI and S2 in the Electronic Supplementary
Material (ESM).

2.5 DFT calculations

Density functional theory calculations were performed with the
Vienna ab initio simulation package (VASP) [38]. The
exchange—correlation interactions among electrons were treated
using the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional. The CeO, (100), (110),
and (111) facets, with or without an oxygen vacancy, were modeled
using a (3 x 3) supercell containing three atomic layers,
corresponding to the formula Ce,O,,. For vacancy-containing
models, one oxygen atom was removed from the surface layer.
A 25 A vacuum layer was added perpendicular to the surface to
avoid spurious slab-slab interactions. The Monkhorst-Pack grid of
3 x 3 x 1 was employed for the optimizations and energy
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calculations. The interactions between ions and valence electrons
were described using projector augmented wave (PAW) potentials
with a plane-wave cutoff of 400 eV [39]. To properly account for
the Coulomb interactions of Ce 4f orbitals, the Hubbard U
correction (DFT + U) method was applied with an effective U value
of 50 eV [40]. Additionally, the DFT + D’ method was
incorporated to correct for long-range dispersion interactions [41].
The optimizations and single-point energy were considered
converged once the force threshold reached 0.05 eV-A”, and
electronic self-consistency iterations converged to 10~ eV.

The adsorption energy (E,) was calculated according to the
following equation

Eads = Esubs!mle—adsorbatc - Esubslratc - Eadsorbalc (1)

where Egrae-adsorbater Eadsorbater aNd Eqpgrare are the total energies of
substrate-adsorbate (F-CeO,, OH-CeO,, PFOA-CeQ,), adsorbate
(F, O—-H, PFOA), and CeO,, respectively.

Charge density difference (CDD) analysis was applied to reveal
the activation effects between cerium sites and C-F bonds. The
CDD was calculated according to the equation
 Padsorbate (2)

P = Puustrate—adsorbate — Psubstrate

where Psubstrate-adsorbate>  Psubstrate> and Padsorbate represent the electron
densities of PFOA-CeO,, PFOA, and CeO,, respectively. The
charge densities were visualized using the VESTA software [42].

3 Results and discussion

3.1 CeO, synthesis and characterization

Three types of CeO, with distinct dominant exposed crystal facets
were successfully synthesized by adjusting the precursor
concentrations and hydrothermal conditions to direct preferential
crystal growth [43]. As shown in Figs. 1(a)-1(f), TEM and HRTEM
analyses revealed the distinct morphologies and lattice structures of
the three samples. Specifically, Oct displayed well-defined octahedra
with an average size of ~ 10 nm (Fig. 1(a)). The HRTEM image
(Fig. 1(b)) revealed the interplanar spacing of 031 nm,
corresponding to the (111) facet of CeO, [44]. Figure 1(c) showed a
clear rod-like morphology, with an average length of 70-100 nm
and a diameter of 5-8 nm. The observed interplanar spacings of
027 and 0.19 nm were assigned to the (100) and (110) facets
(Fig. 1(d)). Notably, previous studies have demonstrated that the
(110) plane is the most thermodynamically stable and extensively
exposed surface in rod-like CeO, [45], suggesting that the Rod
sample predominantly exposes the (110) facet. The cubic-shaped
CeO, exhibited sizes of 80-120 nm with an interplanar spacing of
027 nm attributed to the (100) facet (Figs. 1(e) and 1(f)).
Figure 1(g) presents the XRD patterns of the three CeO, samples,
all of which can be indexed to the face-centered cubic fluorite
structure of CeO, (space group Fm3m, PDF#34-0394) [46],
without detectable impurity peaks, confirming their high crystalline
purity. The diffraction peak intensities and full width at half
maximum (FWHM) varied among Oct, Rod, and Cube, reflecting
differences in crystallinity. Sharper and stronger peaks generally
indicate higher crystallinity, suggesting the order: Cube > Oct >
Rod. This implies that Rod may possess a higher density of
structural defects [47].

Nitrogen adsorption—desorption isotherms (Fig. S1 in the ESM)
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Figure1 Characterizations of CeO,: TEM and HRTEM images of ((a) and (b)) Oct, ((c) and (d)) Rod, and ((e) and (f)) Cube; (g) XRD patterns; and (h) Raman spectra.

further revealed that all samples displayed type IV isotherms with
H3-type hysteresis loops, characteristic of mesoporous materials
[48]. The specific surface area and pore volume of the three CeO,
are summarized in Table S1 in the ESM. Among the three, Rod
showed the highest specific surface area and pore volume
(8846 m*g', 032 cm’g’), followed by Oct (67.96 m*g?,
0.13 cm’g") and Cube (22.85 m*g”, 0.08 cm™g™), which aligned
with the morphological differences observed in the TEM images.
Zeta potential measurements (Fig. S2 in the ESM) revealed that Oct
exhibited the highest isoelectric point (IEP), indicating a broader
pH range with positive surface charge and thus stronger
electrostatic attraction toward negatively charged pollutants.

Raman spectroscopy was employed to probe the defect
structures of the CeO, nanocrystals (Fig. 1(h)). The strong peak
located at approximately 462 cm™ corresponds to the F,, symmetry
vibrational mode of the fluorite structure, while the broadband at
around 598 cm™ is attributed to the defect-induced modes (D-
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band). The intensity ratio (Ip/Ir) is commonly used to evaluate
oxygen defects in CeO, [49]. Among the samples, Rod exhibited the
highest Ip/Ig,, ratio of 0.18, followed by Oct (0.031) and Cube
(0.014), indicating that Rod possessed the greatest concentration of
intrinsic defects, consistent with the XRD results. Overall, the CeO,
nanocrystals exhibited facet-dependent structural and surface
characteristics—defect-rich (110) Rod, electropositive (111) Oct,
and highly crystalline (100) Cube—features that are expected to
govern their interfacial reactivity and adsorption selectivity.

3.2 Adsorption performance of CeO, for PFOA and F-

To gain insights into facet-dependent performance of CeO, for
PFOA and F, batch adsorption experiments were conducted at pH
~ 3.5, where the zeta potentials of the three CeO, samples were
comparable, thereby minimizing electrostatic effects. As shown in
Fig. 2(a), Oct, Rod, and Cube exhibited rapid PFOA removal with
efficiencies of 100%, 94.4%, and 75.6% within 24 h, respectively,

=)

A% 2t | Sci@pen

Tsinghua University Press


https://www.sciopen.com/article/10.26599/NR.2026.94908404
https://www.sciopen.com/article/10.26599/NR.2026.94908404
https://www.sciopen.com/article/10.26599/NR.2026.94908404
https://www.sciopen.com/article/10.26599/NR.2026.94908404
https://www.sciopen.com/article/10.26599/NR.2026.94908404
https://www.sciopen.com/article/10.26599/NR.2026.94908404
https://www.sciopen.com/article/10.26599/NR.2026.94908404
https://www.sciopen.com/article/10.26599/NR.2026.94908404

Nano Research | Vol. 19, No. 4

Xu et al.

(@),

Oct
Rod
0.8 —&— Cube
o
Q 06 s
U Time (min)
S
w 04 -
o
0.2 -
0.0 4
0 3 6 9 12 15 18 21 24
Time (h)
101 %{—‘—"_\*
|
0.9 4
0.8 -
o
Q
O 07
™
0.6 -
Oct
0.5 4 Rod
—&— Cube
044 T T T T T T T T

0 3 6 9 12 15 18 21 24
Time (h)

e

100
>
o 80
£
2 604 Oct
: s
ube
S 404
<
2 20 y/,——f—a————*
o
0
0 50 100 150 200 250 300
PFOA C, (mg-L™)
(d)120
1504
o
120
g Oct
S— Rod
2 90 A Cube
[3]
g
© 60+
Q
"
304
e ’
0 -
0 50 100 150 200 250 300 350 400 450 500

F~C, (mg-L™)

Figure2 Adsorption performance of CeO, for PFOA and F~ kinetic curves for (a) PFOA and (b) F~ adsorption ([PFOA] = 1 mgL", [F] = 50 mg-L™, pH ~ 3.5, CeO,
dosage = 0.5 g'L™); adsorption isotherms of (c) PFOA and (d) F~ on CeO, ([PFOA] = 1-300 mg-L", [F'] = 5-500 mg-L", pH ~ 3.5, CeO, dosage = 0.5 g-L™).

demonstrating a pronounced facet dependence. Kinetic data were
better described by the pseudo-second-order model than the
pseudo-first-order model (Figs. S3(a) and S3(c) and Table S2 in the
ESM), suggesting that chemisorption involving valence forces
through the electron sharing or exchange was the rate-limiting step
[50]. The rate constant of Oct (26.81 gmg™"h™') far exceeded those
of Rod (1.66 gmg™h™) and Cube (0.49 gmg"“h™), consistent with
its superior removal efficiency. Langmuir isotherm fitting
confirmed monolayer adsorption of PFOA by CeO, (Fig. 2(c)), and
TEM-EDS mapping images verified uniform distribution of PFOA
on the CeO, surface (Fig. S4(a) in the ESM). The maximum
adsorption capacities of Oct, Rod, and Cube for PFOA were 100.6,
76.5, and 24.3 mg-g”, respectively (Table S3 in the ESM). Overall,
Oct with a dominant (111) facet exhibited both the highest
adsorption capacity and the fastest kinetics, confirming it as the
most effective CeO, structure for PFOA removal.

A similar trend was observed for trifluoroacetic acid (TFA), a
highly hydrophilic and mobile organic fluoride [51]. Oct achieved
52% TFA removal, far exceeding Rod (11.9%), Cube (6.9%), and
activated carbon (11.9%) (Fig. S5(a) in the ESM). Unlike activated
carbon, which primarily relies on hydrophobic interactions and
thus fails to effectively capture small, water-soluble molecules [52],
Oct demonstrated strong affinity even toward such highly
hydrophilic fluorinated species. Furthermore, Oct also achieved
100% removal efficiency of perfluorooctanesulfonic acid (PFOS), a
sulfonate-terminated organic fluoride, followed by Rod (80.3%) and
Cube (39.2%) (Fig. S5(b) in the ESM). Combined with its nearly
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complete removal of the more hydrophobic carboxylate PFOA,
these findings highlight Oct’s exceptional adsorption performance
and broad applicability across organic fluorides with differing
hydrophobicity and terminal groups, underscoring its facet-
dependent reactivity.

In contrast, the adsorption behavior toward F- differed markedly
(Fig. 2(b) and Fig. S6 in the ESM). Rod showed the highest removal
efficiency, reaching 40.6%, followed by Oct (22.9%) and Cube
(4.6%). All adsorption data for F- were well described by the
Langmuir model (Fig. 2(d)), indicating monolayer adsorption on
homogeneous surface sites (Fig. S4(b) in the ESM) [53]. The
maximum adsorption capacities were determined to be 178.9, 57.2,
and 16.7 mg-g™ for Rod, Oct, and Cube, respectively (Table S3 in
the ESM), and the corresponding kinetic constants followed the
same trend (0.79, 0.45, and 0.37 g-mg"h™; Table S2 in the ESM). A
notable phenomenon during F~ adsorption was the increase in
solution pH (Table $4 in the ESM). For Rod, the final pH rose by
3.7 units to 7.2, and the extent of this increase correlated positively
with F- removal efficiency across the three samples. In contrast, the
pH of the PFOA solution remained essentially unchanged, further
underscoring distinct adsorption mechanisms governing CeO,
interactions with inorganic and organic fluorine species.

The regeneration stability of Oct for PFOA and Rod for F~ was
evaluated with five adsorption-desorption cycles. Oct after
adsorbing PFOA was regenerated using 0.1 M NaOH in MeOH,
whereas F-loaded Rod was regenerated by 0.1 M NaOH [54, 55],
and the corresponding desorption efficiencies were 100% and
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96.3%, respectively. As shown in Fig. S7 in the ESM, Oct and Rod
both retained stable and high adsorption performances over five
cycles, further demonstrating their superior recyclability and
applicability.

Overall, the three CeO, nanocrystals exhibited facet-dependent
adsorption behaviors. For PFOA, the removal efficiency followed
the order Oct > Rod > Cube, whereas for F- it followed Rod > Oct >
Cube. Notably, even in mixed system containing both PFOA and
F, Oct and Rod remained the most effective adsorbents for PFOA
and F, respectively, exhibiting pronounced facet-dependent
selectivity (Fig. S8 in the ESM). To decouple the influence of surface
area, adsorption experiments were normalized by adjusting
adsorbent dosages according to specific surface areas [56]. Even
under equal surface area conditions (Fig. S9 in the ESM), the same
performance trends were maintained for both PFOA (Oct > Rod >
Cube) and F~ (Rod > Oct > Cube), with area-normalized removal
densities of 0.029, 0.026 and 0.0067 mgprq,-m™ for Oct, Rod, and
Cube, and 0.46, 0.29 and 0.22 mge_m™ for Rod, Oct, and Cube,
respectively. These results confirm that while surface area
contributes to adsorption, the dominant factor is the exposed
crystal facets and their associated surface chemistry.

3.3 Facet-dependent mechanisms governing CeO,

adsorption

To explore the facet-dependent mechanisms of CeO, for PFOA and
F, the post-adsorption samples (denoted as O-, R-, C-PFOA and
O-, R-, C-F, respectively) were characterized by FT-IR and
compared with the pristine CeO, samples. As shown in Fig. 3(a), a
broad O-H stretching band at ~ 3500 cm™ was observed in the
pristine samples, with intensity decreasing in the order Rod > Oct >
Cube, indicating that Rod possessed the most abundant surface
hydroxyl groups. After F- adsorption, the O-H bands of the O-,
R-, and C-F samples were significantly diminished relative to the
pristine samples, suggesting an ion-exchange process in which F-

replaced surface O-H groups [57]. This interpretation is consistent
with the substantial pH increase observed during F- adsorption,
particularly in the case of Rod (Table $4 in the ESM).

To further verify these observations, XPS was employed to semi-
quantitatively characterize surface chemistry changes, particularly
variations in hydroxyl and oxygen vacancy contents. The Ce 3d
spectra (Fig. 3(b)) exhibited characteristic Ce(IV) peaks at 900.9,
907.1, and 916.8 eV, along with their spin-orbit counterparts at
882.4, 888.8, and 898.3 eV. The peaks at 884.5 and 903.1 eV were
associated with Ce(III) 3ds, and Ce(Ill) 3d;, [58]. The relative
Ce(IIT) content decreased in the order of Rod (19.5%), Oct (13.1%),
and Cube (12.2%), indicating that Rod possessed the highest
concentration of oxygen vacancies (Oy), as Ce(Ill) is closely
associated with Oy, formation [59]. The O 1s spectra (Fig. 3(c)) were
deconvoluted into lattice oxygen (O, 529.2 €V), chemisorbed
oxygen (0,4, 530.9 eV), and hydroxyl oxygen (O _y5, 532.6 V). A
higher O, fraction is generally associated with a greater abundance
of oxygen vacancies [60]. Rod exhibited the highest O,4, content of
59.4%, significantly exceeding that of Oct (242%) and Cube
(21.8%), revealing that Rod has more Oy content, consistent with
the Raman and Ce 3d XPS spectra results. Meanwhile, the contents
of Og_y followed the same trend: Rod (14.3%) > Oct (12.2%) >
Cube (6.0%), further demonstrating that Rod contained the most
abundant surface hydroxyl groups.

Comparison of high-resolution Ce 3d (Fig. 3(b) and Table S5 in
the ESM) and O 1s (Fig. 3(c) and Table S6 in the ESM) spectra
before and after adsorption revealed that F~ uptake led to a decrease
in the contents of Ce(III), O,4 (Oy), and Og_y across all three CeO,
samples. The most pronounced reductions occurred for Rod, with
decreases of 5.9%, 29.6%, and 6.3% in Ce(III), O,4 (Oy), and Og_,
respectively. The decline in Og_y; further supports an ion-exchange
mechanism between O-H and F-, while the simultaneous reduction
in Oy and Ce(III) contents suggests that F~ entered the oxygen-
vacancy sites and complexed with Ce(III). Owing to the strong
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electronegativity of F, electrons withdrawn from Ce(IIl) likely
resulted in its partial oxidation to Ce(IV).

After PFOA adsorption, in contrast to F, both Ce(IIl) and Oy
contents increased, with Oct showing the largest rises of 9.6% and
16.4%, respectively (Figs. 3(b) and 3(c), and Tables S5 and S6 in the
ESM). This suggests that fluorine atoms in PFOA may substitute
lattice oxygen, generating new oxygen vacancies and releasing
electrons that subsequently reduce Ce(IV) to Ce(Ill) [55]. Given
that unsaturated Ce(IV) sites act as Lewis acid sites capable of
polarizing and activating C-F bonds [34, 61], the observed Ce(IV)
reduction provides strong evidence that PFOA adsorption involves
Lewis acid-base interactions at Ce(IV) sites. Taken together, these
results indicate distinct mechanisms: Inorganic F~ preferentially
interacts with Ce(III) and surface O-H groups via ion exchange
and vacancy filling, whereas organic PFOA binds more strongly to
unsaturated Ce(IV) Lewis acid sites, accompanied by lattice oxygen
substitution and Ce(IV) reduction.

To verify that CeO, adsorbs PFOA and inorganic fluorides
through different active sites and mechanisms, site-quenching
experiments were conducted by (i) annealing to eliminate surface
O-H groups and oxygen vacancies, and (ii) phosphate addition to
block Lewis acid sites. The three CeO, samples were calcined at 200,
400, 600, and 800 °C to obtain O-, R-, and C-200/400/600/800,
thereby tuning their O-H and Oy contents. As shown in Figs.
S10-S13 and Tables S7 and S8 in the ESM, increasing calcination
temperature enhanced crystallinity but simultaneously reduced
O-H, Ce(Ill), and Oy contents. Correspondingly, F~ adsorption
performance decreased with rising calcination temperature
(Fig. 4(a)), and the extent of pH increase followed the same trend
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(Table S9 in the ESM), both showing a positive correlation with the
initial O-H content. This diminishing trend was most pronounced
in the Rod group. According to semi-quantitative XPS analysis
(Table S8 in the ESM), R-800 exhibited the most significant
quenching effect compared with the uncalcined Rod, with a 33.5%
reduction in F- removal. Its O-H and Oy contents also decreased
substantially by 8.7% and 34.5%, respectively. Furthermore, the
solution pH remained nearly unchanged after reaction with R-800,
suggesting that almost no ion exchange occurred. In contrast,
calcination had little influence on PFOA adsorption (Fig. 4(b)).
Interestingly, for Cube, PFOA uptake even improved after
calcination up to 600 °C, possibly due to the exposure of more
accessible Lewis acid sites as surface hydroxyl groups and vacancies
were diminished (Figs. S10-S13, and Tables S7 and S8 in the ESM).
To further exclude changes in specific surface area as a confounding
factor, O-, R-, and C-400 were characterized by BET analysis. As
shown in Fig. S14 and Table S10 in the ESM, the surface areas of R-
400 and C-400 were comparable with those of the corresponding
uncalcined samples, and the surface area of O-400 even increased to
122.04 m*g™. Nevertheless, F- removal efficiencies of the samples
calcinated at 400 °C still decreased significantly, confirming that
specific surface area was not the dominant factor responsible for the
observed inhibition.

To further confirm the critical role of Lewis acid sites in PFOA
adsorption, phosphate (PO,>), a strong Lewis base, was introduced
to competitively block the interactions between CeO, Lewis acid
sites and PFOA [62]. As shown in Fig. 4(c), the PFOA removal
efficiencies of Oct, Rod, and Cube were significantly inhibited in the
presence of PO,”, whereas F adsorption remained largely
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Figure4 Site-quenching tests of CeO, for PFOA and F=: (a) PFOA and (b) F- removal by CeO, after calcination at different temperatures; (c) PFOA and (d) F-
adsorption kinetic curves in the presence of PO~ (([PFOA] = 1 mg.L", [F"] =50 mg-L", [PO,*] = 10 mg:L", pH ~ 3.5, CeO, dosage = 0.5 g:L™).
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unaffected (Fig. 4(d)). Additionally, PO, itself exhibited strong and
facet-dependent uptake on CeO, in the PFOA system, with Oct and
Rod achieving > 95% removal, far exceeding that of Cube (39.3%),
supporting effective occupation of Lewis acid sites by PO, and the
consequent inhibition of PFOA adsorption (Fig. S15 in the ESM).
Notably, PO, removal efficiency in the PFOA system was higher
than that in the F system, likely because PO,” can occupy both
Lewis acid sites and ion-exchange-related sites in the PFOA system,
whereas in the F~ system, it should compete with F- for available
surface sites. The consistently high PO,* removal by Rod in both
systems further suggests that its performance is strongly supported
by abundant ion-exchange sites. Moreover, increasing PO,>
concentration progressively suppressed PFOA uptake by Oct, but
the inhibition effect plateaued at 20-30 mgL™”, likely due to
saturation of accessible surface sites by PO,* (Fig. S16 in the ESM).
Collectively, these results provide direct evidence that Lewis acid
sites govern the affinity of CeO, toward organic fluorine species, in
sharp contrast to the hydroxyl/Oy-controlled mechanisms
dominating F~ uptake.

Building on this understanding, the facet-dependent Lewis
acidity of CeO, was examined, as variations in the strength of
unsaturated Ce(IV) sites—where PFOA primarily interacts—are
expected to govern the observed differences in adsorption
performance. Pyridine-IR spectra were employed to experimentally
quantify Lewis acidity (Text S5 in the ESM). This method relies on
the coordination of pyridine molecules with surface Lewis acid sites
(electron acceptors such as Ce*), producing characteristic
absorption bands [37]. As shown in Fig. S17(a) in the ESM, the
band at ~ 1450 cm™ was assigned to Lewis-coordinated pyridine,
while those at ~ 1540 and 1490 cm™ corresponded to Brgnsted- and
mixed Lewis/Brensted-coordinated pyridine, respectively [63]. The
Lewis acidity of CeO,, calculated from the integrated absorbance of
the 1450 cm™ band, followed the order Oct (81.92 pmol-g*) > Rod
(66.46 umol-g™) > Cube (47.77 umol-g™), which directly paralleled
the order of PFOA adsorption (Fig. S17(a) in the ESM). Moreover,
a strong linear correlation (R* > 0.97) between Lewis acidity and the
Langmuir maximum adsorption capacities for PFOA (Fig. S17(b)
in the ESM) further underscores the pivotal role of Lewis acid sites
in governing the uptake of organic fluorine species by CeO,.

Collectively, the spectroscopic analyses and site-quenching
experiments provide convergent evidence that CeO, interacts with
inorganic fluoride and organic fluorine species through distinct
adsorption mechanisms (Fig. 5). For inorganic F-, adsorption is
primarily governed by surface O-H groups and oxygen vacancies,
as demonstrated by the attenuation of O-H bands in FT-IR, the
reduction of Ce(IIl)/Oy, contents in XPS, and the pronounced
decline in removal efficiency following calcination-induced

Ce(IV)
@ ceam
JF

Lewis acid sites
Unsaturated Ce(IV)

‘\\ <9\ /0

depletion of O-H and Oy sites. In contrast, PFOA adsorption is
dominated by interactions with unsaturated Ce(IV) Lewis acid sites,
as evidenced by the increase of Ce(Ill)/Oy after adsorption, the
significant suppression of uptake upon PO, addition, and pyridine-
IR confirmation of abundant Lewis acid sites. These findings are
consistent with literature reports highlighting the abundance of
Lewis acid sites on CeO, and their ability to polarize and activate
C-F bonds [64, 65].

34 Theoretical insights into facet-dependent adsorption

To rationalize the facet-dependent adsorption of both inorganic F-
and organic PFOA on CeO,, DFT calculations were conducted.
The formation energies of surface O-H groups were evaluated on
the (111), (110), and (100) facets, both with and without Oy
(Fig. 6(a) and Fig. S18 in the ESM). The (110) facet exhibited the
most favorable O-H formation energy under both conditions, with
values of —2.17 eV (without Oy) and —2.45 eV (with Oy), which are
notably lower than those of the (100) facet (-1.18 and —1.80 eV)
and the (111) facet (—1.21 and —1.76 eV). These results indicate that
the (110) facet possesses the highest propensity for hydroxylation,
further enhanced by oxygen vacancies, thereby generating a greater
density of surface-active O-H sites.

F- adsorption on the bare CeO, surface followed a similar facet-
dependent trend (Fig. 6(b) and Fig. S19 in the ESM), with the (110)
facet exhibiting the highest affinity and the most favorable
adsorption energy, both in the presence and absence of Oy. To
further evaluate the ligand-exchange reaction, in which a surface
hydroxyl group is replaced by F-, the free energy changes of F-
adsorption on hydroxylated CeO, facets were calculated (Fig. 6(c)
and Fig. S20 in the ESM). This reaction was thermodynamically
most favorable on the (110) facet (Fig. 6(c)), with free energies of
-1.00 eV (without Oy) and -1.62 eV (with Oy). In comparison, the
corresponding values were —0.20 and —0.56 €V for the (100) facet,
and -094 and -133 eV for the (111) facet, respectively.
Collectively, these findings demonstrate that the (110) facet,
characterized by high oxygen vacancy density and strong affinity
toward both O-H and F, offers abundant reactive hydroxyl sites
that promote efficient F- adsorption and rapid kinetics.

To further elucidate the facet-dependent PFOA adsorption
behavior, DFT calculations were performed to investigate the Lewis
acidity of unsaturated Ce(IV) sites on the (111), (110), and (100)
facets. The optimal PFOA adsorption geometry was first
determined, revealing that a “lie-down” configuration—where the
PFOA molecule aligns parallel to the surface—was the most
thermodynamically favorable across all facets (Fig. S21 in the ESM).
This orientation maximizes the exposure of fluorine atoms to the
unsaturated Ce(IV) sites, thereby enhancing surface interactions.

¢ @ Ce(IV) Lewis acid-based (b)

PFOA polarization

F~: Interacts with
O-H via ion exchange

" F Vacancy filling

(

Figure5 Schematic of the dual active sites of CeO, for PFOA and F- adsorption: CeO, surface (a) before and (b) after interaction with PFOA and F.
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Figure6 DFT calculations of F- and PFOA adsorption on different CeO, facets: (a) formation energies of surface hydroxyl groups (O-H); (b) F- adsorption energies on
bare CeO, surface; (c) free energy change diagram for ligand-exchange reactions where F- replaces O-H on hydroxyl-covered facets; (d) CDD maps showing electron
redistribution between PFOA and Ce(IV) sites (cross-section taken between the nearest F and Ce atoms); and (e) optimized PFOA adsorption configurations and
corresponding Bader charge transfer on the (111), (110), and (100) facets (tawny: Ce; red: O; white: H atoms).

Accordingly, this configuration was adopted for all subsequent
calculations.

The strength of Lewis acid sites—electron-pair acceptors such as
unsaturated Ce(IV)—can be quantitatively assessed via charge
density difference (CDD) and Bader charge (BC) analyses in DFT
calculations [66, 67]. Stronger Lewis acidity corresponds to greater
electron-accepting ability, reflected by more pronounced charge
accumulation and larger charge transfer upon adsorption.
Accordingly, CDD and BC analyses were conducted to evaluate
PFOA adsorption on unsaturated Ce(IV) sites under identical
configurations. As shown in Fig. 6(d), the (111) facet exhibited the
most significant electron density accumulation between PFOA and
Ce(IV), followed by the (110) and (100) facets—consistent with
experimental observations. Quantitative analysis (Fig. 6(e)) further
revealed that the (111) facet displayed the most favorable
adsorption energy (-1.656 eV) and the highest Bader charge
transfer (1.936 e), compared with the (110) (—0.702 eV, 0.236 ¢) and
(100) (—0.381 eV, 0.081 e) facets. Collectively, these results confirm
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that the (111) facet possesses the strongest Lewis acid sites,
underpinning its superior PFOA adsorption performance.

4 Conclusions

This study elucidates the facet-dependent dual active-site
mechanisms governing CeO, interactions with fluorine-bearing
contaminants. Facet-controlled CeO, nanocrystals exposing
dominant (111), (110), and (100) facets were synthesized to
distinguish the affinity mechanisms toward PFOA and F. The
(111)-faceted Oct exhibited the highest capacity and fastest kinetics
for PFOA adsorption, while the (110)-faceted Rod showed superior
F removal. Integrated spectroscopic analyses, quenching tests, and
DFT calculations revealed that surface hydroxyl groups and oxygen
vacancies dominated F- adsorption through ion exchange and
vacancy filling, whereas unsaturated Ce(IV) Lewis acid sites
controlled PFOA adsorption via C-F bond polarization and lattice
oxygen substitution. Pyridine-IR quantification and phosphate
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inhibition experiments confirmed a direct correlation between
Lewis acidity and organic fluorine affinity. DFT results further
demonstrated that the (111) facet possesses the strongest Lewis
acidity and charge-transfer ability, while the (110) facet favors
hydroxylation and fluoride binding. These findings establish a clear
structure—facet—function correlation for CeQ,, offering mechanistic
insights for the rational design of next-generation fluorine-selective
adsorbents and catalytic materials.

Electronic Supplementary Material: Supplementary material
(quantitative methods, relevant characterization images and data,
analytic models and fitting results, DFT calculation models and
results, and relevant adsorption performances) is available in the
online version of this article at https://doi.org/10.26599/NR.2026.
94908404.
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