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Ceria (CeO,) is a candidate for arsenic removal, and characterizing its surface speciation is crucial for
controlling its removal ability. Here, we focus on arsenates and exploit ab initio calculations to study their
interaction with the three most stable surfaces of CeO,. The adsorption of arsenate is stronger on the
{100} surface followed by the {110} and {111} surfaces. We find that arsenate can potentially adsorb to
CeO, surfaces, with a range of binding configurations. Interestingly, we discovered a 5-fold coordinated
As(v) species in a trigonal bipyramidal coordination, which is stable and displays a strong interaction with
the surfaces, pulling oxygen out of the surfaces, which should be a valuable model to address in As
adsorption experiments such as EXAFS. We then predict the infrared (IR) and Raman spectral signatures,
finding that adsorbed arsenates have a characteristic spectral fingerprint between 200 and 1200 cm™.
Characteristic peaks compared with experiments gives confidence in the modelling. The 5-fold
coordinated As species in particular shows potential diagnostic As-O stretching modes between 635-756
cm™tin IR spectra and 387-521 cm ™ in Raman spectra. While all binding modes for arsenate adsorption on
ceria provide IR active modes, interestingly this is not the case for Raman active modes. Here, we provide a
set of reference spectra and binding modes for arsenates on CeO, that can further experimental
characterization of arsenate speciation, and provide control of its impact on the removal performance of
cerium dioxide.

Metal oxide phases are important materials for removal and control of As in natural aqueous solution because of their strong interactions with As

complexes. Highly efficient adsorbents, such as cerium oxide nanoparticles, are thus worth studying for As removal in natural systems. While there is a
wealth of data on As adsorption mechanisms on natural metal (hydr)oxides, less is known about Ce oxides. A new 5-fold As complex is proposed and
spectroscopic data on other As surface complex species is produced aiming to assist on the characterization of adsorption mechanisms and adsorbent

selective studies. These findings can equally be extended to similar metal oxide systems.

1. Introduction

Arsenic based compounds are abundant in water in several

“ Department of Physical and Life Sciences, School of Applied Sciences, University
of Huddersfield, Queensgate, Huddersfield HD1 3DH, UK.

E-mail: m.molinari@hud.ac.uk

b CAS Key Laboratory of Mineralogy and Metallogeny, Guangdong Provincial Key
Laboratory of Mineral Physics and Materials, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences, Guangzhou 510640, China

“CAS Center for Excellence in Deep Earth Science, Guangzhou 510640, China

4 University of Chinese Academy of Sciences, Beijing 100049, China

¢ Department of Geology and IDL, Faculty of Sciences, University of Lishon, Campo
Grande, 1749-016 Lisbon, Portugal

S Department of Chemistry, University of Bath, Claverton Down, Bath BA2 7AY, UK
t Electronic supplementary information (ESI) available: Adsorption energies in
numerical form, raw data for the IR and Raman spectra, and full details of the
IR and Raman signals. See DOI: https://doi.org/10.1039/d4en00894d

1896 | Environ. Sci.. Nano, 2025, 12, 1896-1907

countries including China, Cambodia, India, Bangladesh, the
coastal aquifers of Australia, West Africa, Western USA and
Northern Chile."™ A safety guideline has been set out for the
concentration of arsenic not to be greater than 10 ppb in
drinking water by the World Health Organization (WHO),> as
the long-term exposure to the inorganic form of arsenic is
reported to cause severe health problems including cancer,
cardiovascular diseases and diabetes.® Inorganic arsenic also
relates to the suppression of cognitive development in early-
age infants.””” Therefore, it is essential to monitor, detect
and remove arsenic from water sources and drinking
water.' "

This journal is © The Royal Society of Chemistry 2025
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In ground water, arsenic is found mainly to be in two
ionic forms including arsenate, As(v), and arsenite, As(i).
Arsenic is known to develop a strong affinity with natural
metal (hydr)oxides,">"* including the ability to attenuate As
concentrations in mine drainage waters under proper
conditions.” Cerium oxide also shows good interaction
toward both species, hence it can be considered as a
potential option for arsenic removal in water."”>" In Li et al.
the “hydrous cerium oxide” produced by the authors could
remove more than 100 mg g ' of both As(v) and As(m)
species.'® Although depending on the synthesis conditions of
nanoparticles and of the aqueous solution used, ceria
nanoparticles were able to remove 95% of both arsenate and
arsenite species within one hour,?® while coating provides a
>90% removal toward As(v).>' In general nanoceria exhibit a
more favourable adsorption with As(ur) than As(v) across the
full pH range.”* Ce*" can oxide As(m) to As(v), while Ce*" can
reduce As(v) to As(ur), thanks to the localised electron in the
4f orbital of Ce**.**

It is known that the surface chemistry and composition of
nanoceria play an important role in the interaction with
molecular species.>* > However, little is known about adsorbed
arsenates, As(v), on nanoceria, with some IR spectroscopy
finding characteristic peaks for stretching (828 and 839
em)**? and bending (470 cm™)* modes. Modes of
adsorption are unknown on ceria but arsenates have displayed
both monodentate and bidentate complexes on other metal
oxides (e.g: iron oxide).**** Knowing the adsorption modes has
also been fundamental for the modelling and prediction of As
species in macroscopic natural systems using surface
complexation modelling (SCM).>*”** Ceria is expected to remove
arsenate via the exchange of the surface hydroxyl with water
dissolved arsenate ions.*

Previously, we have demonstrated that the adsorption of
phosphate species may occur in trigonal bipyramidal
configurations wherein the oxygen atoms of the ceria surfaces
are bound to the phosphorus atom.?® This is speculated to be
the first step towards the scavenging of CeO, by phosphates to
form CePO,.>***” Such information is not available for arsenates,
and the formation of CeAsO, upon adsorption of arsenates is
unknown. Due to the similarity of phosphates and arsenates,
with both P and As atoms in a +5 oxidation state and both
species 4-fold coordinated, it is worth investigating if similar
arsenate adsorption modes on ceria nanoparticles are equally
likely to be formed.

This work aims to study the adsorption of arsenates on
the three most important {100}, {110}, and {111} surfaces of
CeO,, employing density functional theory (DFT) calculations
and lattice dynamics to simulate the surface speciation of
ceria in the presence of arsenates. Furthermore, our research
aims to provide computational vibrational analyses of the
most stable surface bound arsenate species by simulating the
IR and Raman spectra and to demonstrate that these
spectroscopic techniques can be a sensitive probe for
studying the interaction of arsenates with ceria. This
approach and the obtained results are fundamental for the
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complete characterization of As dispersion and fate in
natural systems. These results obtained can help and guide
the search for new forms of adsorption mechanisms and
formation of structural complexes. These are fundamental
steps to predict long-term As fixation and to design efficient
As-removal adsorbents.

2. Methods

Calculations were performed using density-functional theory
(DFT) as implemented using the Vienna Ab initio Simulation
Package (VASP) code.*®*° All calculations were carried out using
the generalised-gradient approximation (GGA) exchange-
correlation functional of Perdew, Burke and Ernzerhof
(PBE).*"** A plane wave cut-off energy of 500 eV was used. The
ion cores were modelled using projector augmented-wave (PAW)
pseudopotentials,*>** with frozen cores of [Kr] for Ce, and [He]
for O and As atoms to model the valence electronic structure.
The electron localisation of the Ce 4f orbitals was considered
using the DFT+U using the Dudarev method.*” The use of PBE
+U with U = 5 eV is standard for CeQ,.>*2>27:46-52

Like in our previous study, the minimised CeO, bulk
structure retains the Fm3m space group with a lattice
constant of 5.498 A,>° which is a known overestimation
compared with the experimental value of 5.411 A.*

The slab models of the {100}, {110}, and {111} surfaces were
generated from the minimised bulk CeO, unit cell using the
methodology described in our previous study’> and the
METADISE code.** The {100} and {110} surface models
correspond to a /2 xy/2 and 2 x 1 expansions of the
primitive unit cell, respectively, each with 7 surface layers and
28 CeO, formula units, and the {111} model corresponds to a
V2 x\/2 expansion with 5 surface layers and 20 CeO, formula
units. The surface models were optimised at constant volume,
with the top and the bottom layers allowed to relax, using
electronic total energy and ionic force convergence criteria of 1
x 10 eV and 1 x 10 eV A™". A k-point grid with 2 x 2 x 1
subdivision was used to sample the Brillouin zones.

For each surface, we attempted to minimize several
models with arsenic acid adsorbed on the surface in different
binding configurations. In some cases, arsenic acid
dissociated following adsorption (i.e. its hydrogen atoms
transferred to the surface oxygen atoms to form hydroxyl
groups). The dissociation observed in each model is listed in
Table S1.f Images of the structural models were generated
using VESTA.*

We simulated the infrared (IR) and Raman spectra of
arsenates adsorbed on the surfaces of ceria using the
procedure outlined in ref. 56, where harmonic lattice
dynamics calculations at constant volume are employed. For
each configuration, a /-point phonon calculation was
performed employing the finite-displacement approach as
implemented in the Phonopy code,”” with a displacement
length of 5 x 10 A. Accurate single-point force calculations
were performed using the VASP code as a minimizer, and a
tight electronic convergence criterion (1 x 107° eV). All the
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configurations examined are dynamically stable as they did
not show any imaginary modes. The IR activities were
computed using the Born effective-charge tensors calculated
via the density-functional perturbation theory (DFPT)*® as
implemented in the VASP code. The Raman activities were
computed from the changes in the macroscopic dielectric
tensor when the atoms in the structure are displaced by +5 x
10 A along each normal-mode vector, with the tensors
calculated via DFPT. For this approach, further details are in
ref. 56 and 59. The assignments of the spectral bands were
carried out using animations of the phonon modes generated
via the Phonopy code and visualized via VMD.®°

3. Results and discussion

Determining the structure, energetics and spectroscopic
fingerprint of adsorbed arsenates on oxide CeO, is key to
understand and model this system, since these oxides can be
effective scavengers for As. Particularly, we have focused on the
4-fold As adsorption where the arsenate species is in the
common tetrahedral shape with four oxygen atoms surrounding
the As atom. However, our previous study related to the
adsorption of phosphate on cerium oxide has shown that a
5-fold coordinated species arises when P is adsorbed on the
surfaces of Ce0,.>> For this reason, we have also investigated
the possibility to have such species for As when adsorbed on
CeO,. This species sees 5 oxygen atoms arranged around As in a
trigonal bipyramidal configuration. Such 5-fold As species could
be an intermediate state of the scavenging of As towards cerium
oxide surfaces, a feature that has been reported for phosphate
but not for arsenate so far.

3.1. Structure and energetics of adsorbed arsenates on CeO,
surfaces

The three most stable {100}, {110}, and {111} surfaces of
CeO, are adsorbed with arsenates in different binding
configurations. For these configurations, we use the generic
label {hkl}-xOAs-yOgyrt, where {hkl} is the Miller index of the
surface, x is the oxygen coordination of the As species (either
4 or 5 for tetrahedral or trigonal bipyramidal coordination),
and y is the adsorption denticity of the arsenate on the
surface based on the number of Ce-O bonds (denticities of 1,
2 and 3 indicate monodentate, bidentate or tridentate
binding). For example, {111}-40As-30g,s denotes arsenate
adsorbed to the {111} surface as a 4-fold coordinated As
species with a tridentate adsorption configuration.
Considering the wealth of EXAFS data on As adsorption,
there are some general statements showing a consistency of
results regarding As adsorption structure and mechanisms.*>
Two of the most important refer the predominant formation
of inner-sphere complexes, and the maintenance of the
coordination geometries in all of the adsorption modes,
which means the tetrahedral coordination. However, these
authors note that such consistency may be fundamentally
due to the fitting of O of the oxyanion species as one average
shell, instead of considering them in separate groups. In
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Fig. 1 Adsorption energies of arsenate species in different binding
configurations on the stoichiometric {111}, {110}, and {100} surfaces of
CeO,. 50As denotes five-fold coordinated As species, and 4OAs-
10441, 40As-204,,s, 40As-304,+ denote four-fold coordinated As
species adsorbed in monodentate, bidentate and tridentate
configurations, respectively.

EXAFS, 4 sorption modes have been identified®* with the
clear predominance of inner-sphere (IS) over outer-sphere
(OS) complexes, especially the formation of the bidentate,
corner-sharing, IS complex.

The strength of the interaction between adsorbed arsenates
and CeO, surfaces is given by the adsorption energy (eqn (S1)1),
which we present in Fig. 1 for all the stable configurations
(numerical values are presented in Table S17). Fig. 2 present the
stable configurations, while Table S2+ presents the extent of the
arsenate dissociations for all configurations.

All energies are negative, implying stable adsorption
configurations. The adsorption of arsenate on the {100}
surface is generally more stable. The {100} surface is also the
only one where a monodentate adsorption is stable ({100}-
40As-10gy,,¢). The second most stable adsorption is on the
{110} surface followed by the {111} surface. 5-Fold coordinate
As species are bound to the {100} and {110} surfaces less
strongly than 4-fold coordinate As species. Surprisingly this is
not the case for the {111} surface where the 50As is more
stable than any 4OAs configurations. Such trigonal
bipyramidal 5-fold coordinated As has not yet been detected
in adsorption experiments using either EXAFS or DFT
calculations,®”®> but although no structure has been
proposed, As models with coordination numbers between 4.6
and 4.8 have been used in the fitting of EXAFS spectra of As
adsorbed onto Fe-Ce bimetal oxide.*®

Arsenate is very similar to phosphate, as P and As belong
to the same pnictogen group of the periodic table (group 15),
and thus can be compared with the available literature.*® The
adsorption of 5-fold arsenate species on nanoceria is more
energetically stable than 5-fold phosphate species. The
adsorption of 4-fold arsenate species is less energetically
stable than adsorbed 4-fold phosphate species, except for
{110}-40As-20g,,+. The differences in energies are presented
in Table S1.f

The binding energy of arsenate is stronger than the
adsorption of water on nanoceria surfaces (-0.5, 1.2, and -1.6
eV for the {111}, {110}, and {100} surfaces, respectively>?),

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Arsenate adsorption configurations on the {100}, {110}, and
{111} stoichiometric surfaces of CeO,. (a)-(c) As in a five-fold trigonal
bipyramidal configuration. (d)-() As in a four-fold tetrahedral
configuration. The dashed blue lines in (a)-(c) show the surface plane
to emphasise surface O atoms pulled out by arsenates as described in

the text. The atom colours are as follows: O - red, Ce - yellow, As -
green, and H - white.
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implying that arsenate will adsorb as IS complexes on the
surfaces of cerium oxide in an aqueous environment.

3.1.1. Five-fold coordinated As species (50As). When an As
atom is directly bonded to a surface oxygen (*Ogyf) it forms a
5-fold coordinated species in a trigonal bipyramidal
configuration (Fig. 2a-c). The adsorption energies of these
configurations are -1.90, —2.14 and -2.79 eV for the {111}-50As-
10gyrf, {110}-50A5-10gy,f, and {100}-50As-204,,¢ configurations,
respectively (Fig. 1). The preferential surface for the formation
of 50As species is the {100} facet, followed by the {110} and
{111} facets. Like for the adsorption of phosphates, 50As in
{111}-50A5-10g, and {110}-50As-10g4,,+ shows monodentate
binding, and bidentate binding in {100}-50As-20g,+. This is
possible because of the flexibility of the {100} facet, where
surface oxygen ions rearrange to accommodate the adsorption
of arsenates and other species.?>*”**%+%5 It has been shown
that phosphate species may scavenge the surfaces of ceria, and
that 5-fold phosphate adsorption “pulls out” surface oxygen
atoms, displacing them by 0.74 A, 0.21 A, and 0.20 A on the
{110}, {111} and {100} surfaces, respectively.>® Like phosphate,
the arsenate also appears to displace a surface oxygen (*Ogyr)
above the surface plane. This is more prominent in {110}-50As-
1Ogurf, Where the surface O atom is displaced by 0.60 A, followed
by 0.25 A on the {100}-50As-204. The {111}-50As-104,¢ does
not show any significant surface oxygen displacement. There
are similarities between the adsorption of phosphate and

This journal is © The Royal Society of Chemistry 2025
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arsenate, with the flat {110} surface being mostly affected by the
formation of 5-fold species. This could be related to the ease of
formation of oxygen vacancies on the flat {110} surface, which
has been reported to be also the underlying cause for the {110}/
{111} faceting of the flat {110} surface.*® The formation of this
complex does not seem to have parallel in any previous
experimental studies of As adsorption onto metal
oxides.****H%2 However, it is worth noting that ref. 63, using a
Fe-Ce bimetal oxide have fitted models with As-O coordination
numbers between 4.6 and 4.8, in contrast with the highly
consistent adsorbed As data collected by ref. 32. If this result
means that dismissing the fitting to a single average shell, as
done on most EXAFS spectra,®* would potentially reveal a more
complex and varied set of As complex geometries, or that the
presence of a Ce oxide or Ce-rich oxide substrate can actually
promote the development of a 5-fold As complex, remains to be
fully clarified. This 5-fold species is stable on all surfaces, and
the absence of imaginary phonon modes further confirms its
stability, possibly as an intermediate of the scavenging activity
of arsenates towards CeO, like in the case of phosphates.”

3.1.2. Four-fold coordinated As species (40As). The
adsorption of arsenate as 4-fold coordinated species (i.e., As
with a tetrahedral oxygen coordination, 40As) on the three
surfaces of CeO, is found to be a stable adsorption with
negative adsorption energies (Fig. 1). However, the
adsorption of the 4-fold As species is not as stable as the
5-fold As species on the {111} surfaces. On the {110} surface,
all 4-fold As adsorbed species bind more strongly than the
5-fold As adsorbed species. The adsorption of arsenates as
4AsO on the {100} surfaces is more stable for bidentate and
tridentate but not for monodentate adsorption compared to
the 5AsO configuration.

We investigated three different adsorption configurations of
40As, viz. monodentate, bidentate and tridentate (Fig. 2d-j).

Both {111}-40As-30g,,s and {100}-40As-30g,,+ configurations
have the most negative adsorption energies compared to the
monodentate and bidentate adsorptions, which indicates that
40As is preferably adsorbed as tridentate binding
configurations on the {100} and {111} surfaces. The {110}
surface expresses a different affinity towards arsenate, where
the bidentate binding configuration {110}-40As-20g¢ is
preferred compared to all other binding configurations.

The three arsenate oxygen atoms (O,s) of the {100}-4O0As-
30y configuration embed into the surface at a similar height
of the surface oxygen atoms (Oguf) to form the tridentate
binding configuration. This is due to the flexibility and mobility
of the surface oxygens of the {100} surface,>>*”**%%> which
allows for the surface rearrangement to accommodate the
adsorption, which leads to the strongest adsorption energy
(-4.14 eV) compared to all other adsorption configurations.
Unlike the tridentate adsorption of 40As on the {100} and {111}
surfaces, the {110}-40As-30g,,+ configuration has three Ce-Opxg
bonds, with two of them elongated (2.36 vs. 2.61 A) alongside
two hydrogen bonds; however, this is not sufficient to stabilize
this configuration further compared to {110}-40As-20g,¢ (—2.36
eV vs. —2.98 eV).

Environ. Sci.: Nano, 2025, 12, 1896-1907 | 1899
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The 40As bidentate adsorption on all three surfaces has
two direct Ce-O,s bonds (Fig. 2). The adsorption stability
follows the order {100}-40As-20g,f > {110}-40As-20g,¢ >
{111}-40As-204,,s, indicating that the strongest bidentate
adsorption occurs again on the {100} surface.

We attempted to stabilize 40As monodentate configurations
on all three surfaces of ceria, but we could only stabilize it for the
{100} surface, and its adsorption energy is —2.26 eV. {100}-40As-
104, has a crowded hydrogen bond network, which prevents
the adsorption from rearranging to bidentate or tridentate.

3.2. Vibrational signatures of adsorbed arsenate species

The simulated IR and Raman spectra of the adsorbed
arsenate on nanoceria surfaces are discussed using the
notation used in our previous study on phosphate species.*
v denotes stretching modes, & bending, p rocking, » wagging,
sc scissoring, and t twisting modes. The subscripts s and as
identify symmetric and asymmetric modes, where relevant,
and we denote longitudinal (within the surface plane) and
transverse (perpendicular to the surface plane) modes by L or
T in parentheses. We denote bulk and surface O atoms as
Opuik and Ogy,f, respectively, and we further distinguish the
surface O directly bonded to the As atom in the 50P
configurations as *Ogy,. Finally, Ops and OH,g denote O and
OH (hydroxyl) groups belonging to arsenate, OHyg,,r indicates
a surface hydroxyl group, and Hg,s and H,s denote H
adsorbed on the surface and As oxygen atoms, respectively.
The Ce-O stretch for bulk CeO, has a single IR signal at
274 ecm™,*® which is a good representation of the 272 cm™
from experimental measurements.®® Computationally, the
Raman active signal is in the range of 434-437 cm',>>°
which is underestimated compared to the experimental value
of 464 cm™.%” For all surfaces, both IR and Raman spectra

display characteristic peaks in the region 0-500 cm™*.>
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3.2.1. IR of adsorbed arsenate species on CeO, surfaces.
The main characteristics in the IR spectra of the surface
models with adsorbed arsenates are summarised in Table 1
(with full details in Table S3f). The spectra display
characteristic fingerprints of the interaction between the
arsenate species and the surface between 200-1200 cm™
(Fig. 3). Despite the experimental and computational
literature of molecular arsenate not being directly
comparable to our adsorbed arsenate species, it can provide
a useful comparison for the main characteristic features. The
region of the IR active modes for the interaction between
arsenate species and the surfaces overlaps with the main
features of the IR spectrum of molecular arsenate where
there are several stretching (v) modes in the region 500-1200
em ™ (VsAS-OH g, VasAS-OH g, VAS=O,; Table 1 and Fig. S1%).
The bending modes 3As-OH,s, 8As—(OH,), of the adsorbed
As species are predicted to be at 428 cm ' and 1065 cm™.
Experimentally the IR active bending modes 8As-OAs of the
adsorbed arsenate have been measured at 470 cm ™', which is
the same region of the IR active modes of the surface of
cerium oxide.>® The IR spectra of the adsorbed arsenates on
ceria surfaces also display peaks above 2000 cm™" (raw
spectra in Fig. S2 and full spectra in Fig. S31) corresponding
to the stretching of the hydroxyl groups (vO-Hgy/vO-Hys),
which are in good agreement with the literature.?3%%5

Fig. 3(a-c) shows the IR spectra of the 50As binding
configurations for the {100}, {110}, and {111} stoichiometric
surfaces. The displacement of the surface oxygen seen for {110}-
50As-104,s and {100}-50As-204,,¢ is also observed in the IR
active mode as the vAs—*Ogy,f, Wwhere *Og,¢ is the surface oxygen
atom directly bonded to As. The vAs—*Og,¢ for the {110}-50As-
104rr and {100}-50As-20¢,s are at 493-756 cm ™' and 496 cm ™,
respectively. Such signals are in a similar region as the 5-fold
coordinated phosphate species (680-695 cm™).>® The absence
of displaced Ogy for {111}-50As-10g,,¢ results in no IR active
mode for vAs—*Ogy,r on the {111} surface.

Table 1 Assignment of the major features (with a cut-off signal intensity of 0.1 a.u) in the simulated IR spectra of arsenate species adsorbed onto the
{111}, {110}, and {100} stoichiometric surfaces of CeO, with different binding modes. Vibrations are labelled according to the scheme outlined in the text.
The frequency ranges indicate where a given mode is seen across all binding modes on all three surfaces. Vibrational frequencies for molecular arsenate
species in the gas phase and in solution are also given for comparison. Comparison with adsorbed phosphate on ceria is also provided?®

Adsorbed arsenate Molecular Adsorbed

IR mode on CeO, (PBE+U,  Adsorbed arsenate Molecular arsenate arsenate Arsenate (aq) IR mode phosphate

arsenate this study) on CeO, (Expt)*>*® (PBE+U, this study) (DFT)*® (Expt)®*7° phosphate (PBE+U)*

POas—Has 284-350, 885 — 134-317, 952-986  215-330  — pO,-H, 547-977

POsurHure 417, 778-894 — — — — 618-870

VOas—Has 2732-3694 — 3684-3699 3700-4092 — —

VOsur~Hgurf 2507-3207 — — — — — —

t, ®0,As(OH), 287 — — 250-330  — — —

v, P, SAS—*Ogyre 635-756 — — — — VP-*Ogyry 680695

VsAS—OH g 591-979 828, 839 (ref. 20) 656-695 493-924 — vsP-OH,, 796-833

VasAS—OH xg — 677 852-1008 — vosP-OH,,  853-1007

VeAS-O,g 778-848 — 812-924  875-878,”° vsP-0, 965-1077
830-890 (ref. 69)

VasAS—Ojag 783-894 — 852-1008  858-908,”° VasP-Op 985-1160
830-890 (ref. 69)

8As-OH,g; 5As—(OHy,), 324-349, 975 470 (ref. 29) 278-292, 1032 1028-1157 315-385,”° 3P-OH,, 1043-1077

8AS-Opg; 8AS—(Ong)2 273-320 280-292 1170 (ref. 69)
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Fig. 3 Simulated IR spectra of arsenate species adsorbed onto the {111}, {110}, and {100} stoichiometric surfaces of CeO, with different binding
modes as shown by the inset structures. The spectra are normalised relative to each other such that the highest absolute intensity across all the

spectra is set to unity.

All three 50As binding configurations show vAs—O,s. The vAs-
O, are at 757-783 cm ', 635-756 cm * and 1150 cm ' for the
{111}-50A5-104y, {110}-50A5-104,s and  {100}-50As-104yys,
respectively. The high frequency value of vAs-O,s on the {100}
50As-104,s is similar to the IR signal observed for 5-fold
phosphate species adsorbed on the {100} surface (1197 cm™).>

The bending modes 8As-OH,s are not observed on {111}-
50As-10g,,+ and {100}-50As-10g,,, whereas they are a strong
IR feature in the region of 324-350 cm™ in {110}-50As-104.f,
which is in the same region of the IR signal for As-OH, in
molecular arsenate (278-292 cm™', 1032 cm™*). The 8As-Op,,
mode gives rise to IR active signals at 413 and 1072 cm ™" for
{111}-50As-10gy,, and {100}-50As-20gy,r. The much higher
shift for the {100} surface may be due to the bidentate
binding configuration of the {100}-50As-20g,,s compared to
the monodentate binding configuration of the {111}-50As-
1O0gurf-

We predicted the IR stretching of the As—O,s; bond
(vAs=O0,,) at 952 cm ' and at 1032 cm™' for molecular
arsenate, Table S4.f Similar to the phosphate adsorption on
ceria, the IR signal of vAs—O,s is not observed in any of our
50As binding configurations, which may arise from the
elongation of the As—O,, bond from 1.64 A (isolated
molecule) to 1.71-1.89 A when adsorbed on ceria, potentially
resulting in the band suppression in the IR spectra.>>”"

The IR spectra of the stable monodentate, bidentate and
tridentate 40As adsorptions on the three surfaces of CeO, are

This journal is © The Royal Society of Chemistry 2025

shown in Fig. 3(d-j). In the following, we discuss the spectra
with respect to the denticity of the binding.

The {100}40As-10gs is the only monodentate configuration
we could stabilize for the 40As adsorption (Fig. 3j). The vAs-Oxs
gives rise to a strong characteristic feature at 885 cm™ in the IR
spectrum. The IR bending mode (8As-O,s) is at 320-321 cm™,
which is comparable to the 8As-O, of molecular arsenate (280-
292 cm™).

The {111}-40As-20g4yf, and {100}-40As-20g,¢ configurations
have fingerprint characteristic signals for v,As-O,s at 754 cm™"
and 848 cm™, respectively. These signals are similar to those vy
As-O,, for molecular arsenate at 812-924 cm ™" (DFT literature®®)
and at 830-890 cm ™" (experimental study®”’°). {110}-40As-20g,¢
has vAs-OH,, at 690 cm ', which is similar to the vAs—OH, for
the isolated molecular arsenate at 656-695 cm ™" (this study), and
is within the range of computational studies (493-924 cm™").°® As
the IR spectra of all the configurations were standardized with
the highest IR signal across all the 50As and 40As binding
configurations, the {100}-40As-204,+ has the dominant IR
frequency at 894 cm™" with 1.0 a.u. intensity for v,,As—Ohs.

The tridentate adsorption configurations of the 40As
arsenate species for all three surfaces have dominant IR
stretching for the As-O,¢ and the As-OH,q bonds. The v;As-
Ous and v,,As-O,¢ give rise to the signals at 626-1002 cm !
and at 752-859 cm™", respectively (Table S4,i most of these
peaks are weak with intensities between 0.05 and 0.1 a.u.).
The v;As-OH,¢ and v,,As-OH,g signals are at 626-779 cm !

Environ. Sci.: Nano, 2025, 12, 1896-1907 | 1901
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Table 2 Assignment of the major features (with the cut-off signal intensity of 0.1 a.u) in the simulated Raman spectra of arsenate species adsorbed onto
the {111}, {110}, and {100} stoichiometric surfaces of CeO, with different binding modes. Modes are labelled according to the scheme outlined in the
text. The frequency ranges indicate where a given mode is seen across all binding modes on all three surfaces. Vibrational frequencies for molecular
arsenate species in the gas phase and in solution are also given for comparison. Comparison with adsorbed phosphate on ceria is also provided?®

Adsorbed arsenate Isolated arsenate Adsorbed
Raman mode on CeO, (PBE+U, (PBE+U, Arsenate (aq) Raman mode phosphate
arsenate this study) this study) (experiment)”®”? phosphate (PBE+U)*
POas—Has 229-786, 916-1257 280-317, 952 250 (ref. 72) pOp—H1D 916-1077
POgur—Hgurt 360-786, 916-1065 — — POgur—Hgurt 584-955
VOa—Has 2732-3701 3684-3699 — — —
VOsueHsurt 2507-3722 — — — —
8AS-O,g; 8AS—(Onas)2 229-435, 1016-1072 280 270-365,”% 285-385 — —
5As-OH,g; SAs-(OH ), 428, 1065 (ref. 70) 8P-OH,; 5P~(OH,), 1047-1236
PAS-O,g, PAS-OH g 400-484 — — — —_
t, ©0,As(OH), 568-571 — 315-319 (ref. 70) — —
v, P, SAS—*Ogyre 387-421 — — VP—*Qgy 680-701
VeAS—OH 55 — 656 700-745 (ref. 70) vP-OH,, 750-859
VasAS—OH 1150 — 765 (ref. 70) VasP-OH,, 902-1079
VeAS-O5 561-798, 1002-1028 — 834-875 (ref. 70) vP-0, 1043-1077
VasAS-Ols 505-954 — 866-915 (ref. 70) VasP-Op 1142-1160
SCAS—-O,g; SCAS-OH g 340-551 317 270-450 (ref. 72) — —
VAS=—0,¢ — 952 923 (ref. 72) — —

and at 683-847 cm™'. This wide spread of IR signals for the
VAs-O,; is in the range of v;As-O,¢ (656-695 cm™) and vAs-
OH,, (677 cm™) for the isolated molecular arsenate (Table 2).

Our prediction for the IR characteristic features of the
adsorbed arsenates is similar to the IR signals for adsorbed
phosphates on nanoceria.>®’’ The As-OHa, and As-Oa
stretching modes are generally the most intense signals (as
for adsorbed phosphates on ceria), with vAS-OH g, vsAS—Oaxs,
VasAS—O,g in the regions of 591-979 em !, 778-848 em™?, 783-
894 cm™, respectively. Our predicted values are in a wider
range of frequencies compared to the experimental vAs-Oag
IR active stretching signals (828-839 c¢m™') for adsorbed
arsenates on ceria,”?° and for the IR active stretching modes
of isolated aqueous arsenate (830-908 cm™),*>”° most likely
due to the direct bonding to the surface of ceria.

Our spread of simulated 8As-O,¢ (at 273-320 cm™) and
SAs-OH,, (at 324-349 cm™', and 975 cm™') signals is
consistent with the bending modes for aqueous arsenate
found at 315-385 cm™',”° and at 1170 cm™.%° Although we
report only a few peaks for the bending modes, there are
many more associated with intensities lower than 0.1 a.u.
(Table S41). The complex interaction between arsenate and
ceria surfaces causes such a spread, where visual inspection
of the vibrational modes has shown complex motions, all
related to bending modes of As-O. Such a spread is, however,
not seen in the experimental reported value for 5As-O,s,
which is observed at 470 cm ' for adsorbed arsenate on
ceria.”® This is most likely because our intensities for the
bending modes are low.

3.2.2. Raman shifts of adsorbed arsenates on CeO,
surface. Unlike the IR fingerprint, some of the adsorbed
arsenate binding configurations have their Raman vibrational
signature suppressed before (raw data in Fig. S4f) and after
normalisation with respect to the highest intensity peak
across all structures. Fig. 4 shows the normalised Raman

1902 | Environ. Sci.. Nano, 2025, 12, 1896-1907

spectra of the adsorbed arsenate on the nanoceria surfaces in
the range of 200-1200 cm™". The region below 600 cm™" is
dominated by intense signals related to the surfaces,>” as well
as the bending mode (8) of the arsenates (Table 2). The
Raman active stretching modes of the hydroxyl groups (vO-
Hjas and vO-Hgy,f) are predicted to be above 2000 cm ! and
those are seen with very weak intensity in some structures
(Fig. S5t). The common Raman active modes of the adsorbed
arsenate amongst the surfaces are summarized in the
Table 2.

The unique vAs—*Og,s stretching of the 5-fold As
configurations is suppressed for the {110}-50As-10g,,+ and
{111}-50As-10gy,+. The {100}-50As-204,,+ has the vAs—*Ogy¢
Raman active mode at 516 cm™" with a very low intensity of
0.06 a.u.

The adsorption of monodentate arsenate on the {100}
surface shows a v,s0as—As-OH,g signal at 1016 cm™? (Fig. 4j),
which falls close to the vAs—O,, signal of the isolated
arsenate (952 cm™'). Across all surfaces, the stretching signals
are in the ranges 668-1150 cm ™! for vAs-OH,, and 505-1028
cm™! for vAs-O,s. These signals are also consistent with the
Raman active modes for the computed isolated molecular
arsenate (656 cm™" for As-OH and 952 cm™" for As-0), and in
line with the reported experimental values (700-765 cm ™" for
As-OH and 834-915 cm ™" for As-O) (Table 2).”"?

The scissoring modes (scAs-O,s, SCAS-OH,) are frequent
active modes (with an intensity >=0.1) in the Raman spectra
in the region of 340-551 ¢m™ (Table 2). These are in line
with scAs-O,s and scAs-OH,, Raman active modes observed
in the isolated molecular arsenate (317 cm™* with 0.08 a.u.),
and the experimental values (270-450 cm™*).*’*> Adsorbed
arsenates on ceria surfaces display Raman active scissoring
modes at higher frequency compared to the isolated arsenate,
most likely due to the direct bonding between the arsenate
and the surface.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Simulated Raman spectra of arsenate species adsorbed onto the {111}, {110}, and {100} stoichiometric surfaces of CeO, with different
binding modes as shown by the inset structures. The spectra are normalised relative to each other such that the highest absolute intensity across

all the spectra is set to unity.

The large range of Raman active rocking modes (pOxs—
H,,) are in the region 229-786 cm™, and 916-1257 cm™’,
which is comparable with the Raman signals for the isolated
arsenate (280-317, and 952 cm ') and the rocking mode of
aqueous arsenate measured at 250 cm™".”> The plethora of
rocking modes arises from the interaction of the arsenate
with the surface. However, the majority of the Raman active
pOas—Hps signals are weak, but there are some exceptions
with high intensity such as {111}-50As-10surf (at 1001 cm ™
with 0.37 a.u.), {100}-50As-20surf (at 1076 cm™" with 0.17 a.
u.), {100}-40As-10surf (at 916 cm ™', 937 em™" and 1257 cm™
with 0.52 a.u.,, 0.67 a.u., and 0.45 a.u. respectively). The
higher frequency shift for rocking modes in the case of
adsorbed arsenate is similar to the shift observed for
adsorbed phosphate (916-1077 cm™" for adsorbed phosphate
species vs. 144-322 cm™" for molecular phosphate®’), and this
again confirms the significant constraints effect due to the
adsorbed arsenate interacting with the ceria surfaces.

4. Conclusions

This study provides a prediction of IR and Raman signals for
adsorbed arsenates onto the three most stable Miller index
{100}, {110}, and {111} surfaces of CeO, including different
arsenate binding configurations. This study also shows the
potential of IR and Raman spectroscopy to identify the

This journal is © The Royal Society of Chemistry 2025

binding configurations of adsorbed arsenates onto the
surfaces of ceria.

We found that arsenate can bind to the nanoceria surfaces
in both trigonal bipyramidal (five-fold) and tetrahedral (four-
fold) configurations. Whereas the tetrahedral binding is
expected since it has been consistently identified as the main As
structure bound to oxide surfaces,®* the five-fold binding is
peculiar since it has never been described or suggested in
experimental models, but found to be stable. The five-fold
binding configurations exhibit some oxygen scavenging, pulling
surface oxygen above the surface plane. Due to the nature of the
binding, generally the four-fold adsorption maximised the
interaction between the arsenate species with the three surfaces
resulting in more thermodynamically favourable energetics,
especially the tridentate adsorption which has generally the
most negative binding energies.

The identification of 5-fold coordinated As has not been
addressed in As adsorption experiments on oxides, using
either EXAFS or DFT calculations, which in general support
the formation of predominantly monodentate mononuclear
and bidentate binuclear complexes.®** However, in As
adsorbed onto Fe-Ce bimetal oxide, coordination numbers
between 4.6 and 4.8 were used as models, meaning that our
As complex structure deserves further investigation to clarify
the As adsorption mechanisms.®® The incorporation of this
data into SCM is recognized as fundamental and may
provide clues for open issues, such as the enhanced

Environ. Sci.: Nano, 2025, 12, 1896-1907 | 1903
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adsorption behaviour of As into oxides with co-existing
ions.”

The IR and Raman spectra of the adsorbed arsenate show
a stretching characteristic fingerprint in the region above 700
em™" similar to experimental findings. However, we found a
plethora of stretching and bending modes (many with low
intensity) in the region between 200-1200 c¢m™', which
overlap between the IR and Raman active regions of arsenate
adsorption on ceria but also with the region of IR and Raman
characteristic signature of bare ceria surfaces. The five-fold
arsenate configurations have unique IR fingerprint signals in
the region of 635-756 cm™, and Raman fingerprint signals
between 387-421 cm ' for vAs—*Og,s due to the direct
interaction between As and a surface oxygen. These
characteristic signals give an indication to identify these
species experimentally. We also find that some of the binding
configurations have suppressed Raman spectra altogether,
which would make their identification more challenging
using experimental Raman measurements.

Finally, future studies should focus on more complex
models including arsenite, and the effect of coverage and
solvent effects are considered.
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