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In this work, we conducted a systematic study of the synthesis and structural and chemical characteriz-
ation of Au-doped CeO, materials to identify the conditions under which the anionic character of gold is
observed, using both experimental and density functional theory simulations. Successful incorporation of
Au into the samples was detected from infrared spectra and X-ray diffraction analysis. As the Au concen-
tration increased, an increase in defects and a reductive chemical environment was observed using UV-
vis spectra. The presence of Au loading onto CeO, as particles in the high Au concentration samples was
determined with SEM images and EDS spectra. The Au adsorption on the CeO, (111) surface was found to
be the most stable by means of DFT modeling. The most stable Au adsorption models incorporated an
oxygen vacancy and Au substituting an oxygen atom. Further Bader charge analysis revealed that Au had a
negative character in these models. X-ray induced photoelectron spectra uncovered that in the low mol%
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concentration regime, there is a presence of anionic Au behavior. Further high-resolution window chemi-
cal species quantification and correlation confirmed that anionic character was promoted by Au substitut-
ing oxygen atoms as pointed out by DFT calculations, implying that anionic gold was present and has
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Introduction

The global growth in energy consumption has driven the exces-
sive use of non-renewable energy sources, primarily fossil
fuels, which has drastically increased atmospheric pollution.'
One of the toxic byproducts is carbon monoxide (CO), which is
known to block oxygen absorption in blood, causing severe
health problems and a cascade of ecological impacts,® which
pushes research to the point of developing strategies to dimin-
ish these impacts and phase out no-return consequences. One
of the main tactics to reduce CO in the atmosphere is to
induce its oxidation to CO, using catalytic conversion.”

The primary approach for designing materials for this
purpose is to utilize a platform that promotes oxidation by
altering the oxidation state of a metal in a compound. In this
context, CeO, is a notable platform for this process, mainly
because of its ability to store and release a large amount of
oxygen through defect switching between different oxidation
states, making it suitable for different types of oxidation reac-
tions.* Ceria is well-known in the literature for its facile tran-
sition between reduced and oxidized states (Ce*" < Ce*") due
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indeed previously not been contemplated in Au-doped CeO, applications.

to its rapid and reversible ability to uptake and release
oxygen,>® playing an essential role in three-way catalysts.” The
dynamic oxygen storage capacity of ceria is related to the
donation of available oxygen atoms; its high capacity is,
among other causes, attributed to a relatively high amount of
oxygen vacancies on its surfaces, playing a role in adsorption
and activation of oxygen and also proving to be proportioned
sites for adsorption and activation of reactant molecules.* A
conjunction of the above-mentioned aspects of ceria makes it
an advantageous support for oxidation reactions.

Similarly, due to their high activity, noble metals have proven
to be effective catalysts for CO oxidation; thus, adding noble
metals as dopants to oxide supports has resulted in even better
catalysts. Apart from doping, the loading of noble metals has
shown better catalytic efficiency than the pristine materials.®

Among noble metals, gold stands out as a versatile material
with remarkable catalytic behavior, which is mainly attributed
to the small particle size in metallic Au, due to a major pres-
ence of low coordinated Au atoms on the surface, with this
species being responsible for adsorption of reactants. Other
relevant factors are the likely high mobility of surface atoms
on small particles and the electronegative character of gold,
both of which arise from the relativistic contraction of the
s-electron orbitals.” When used as a dopant, Au typically
behaves as a cation, exhibiting oxidation states ranging from
Au' to Au®'. This gold species has also been linked to
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enhanced catalytic activity on Au doped CeO,.* However,
among the above-described particularities is the high electro-
negative character of gold, which, upon interaction with elec-
tropositive atoms such as alkaline and alkaline earth metals,
can behave as an anion (with the oxidation state Au~). A
typical example of this gold species is CsAu;'®'" however, it
has also been found in other solid materials such as A,MAug
perovskites,’” organic gold complexes,”® and also on the
surface of metallic Au particles.'® In this context, rare earth
oxides such as CeO, exhibit the characteristic low electro-
negativity of their metal, making them a likely platform for
encountering Au anionic species. Moreover, the structural and
chemical conditions that induce anionic responses on CeO,
and their impact on catalytic behavior in conjunction with
other Au species (metallic and cationic) have not yet been
studied; furthermore, the spectrum of possible applications
has not been explored.

To identify the structural conditions that may induce an
anionic behavior, we conducted an experimental and theore-
tical simulation study. The first part consisted of the synthesis,
structural, and spectroscopic characterization of Au-modified
CeO,. The EDS spectra of the materials at varying Au concen-
trations revealed the effect of Au concentration on the struc-
tural properties of the rare-earth oxide. Infrared spectra and
X-ray diffraction analysis showed the successful incorporation
of Au into the samples. In the second part, we employed com-
putational modeling and density functional theory (DFT) cal-
culations to identify the conditions that induce anionic behav-
ior of Au on CeO, surfaces. Au adsorption on the CeO, (111)
surface revealed that the most stable Au adsorption models
incorporated an oxygen vacancy and Au substituting an oxygen
atom. Further Bader charge analysis revealed that Au had a
negative character in these models. Finally, the chemical
surface characterization and quantification correlation study
by X-ray photoelectron spectroscopy (XPS) allowed us to experi-
mentally confirm the presence of these anionic species, reveal-
ing that anionic character was promoted by Au substituting
oxygen atoms as predicted by DFT calculations. These findings
suggest that the presence of anionic gold has not been pre-
viously considered and could have an impact on the catalytic
behavior of Au-modified CeO, materials.

Materials and methods
Synthesis of gold doped CeO,

The materials employed in this work were synthesized follow-
ing the methodology described by Mittal and coworkers, with
modifications."® Initially, for pristine CeO,, a 25 mL 0.3 M
solution of cerium nitrate hexahydrate (Ce(NO;);-6H,0) (Sigma
Aldrich) was prepared, followed by the addition of 1.0% (at wt)
thioglycerol (TG) (Sigma Aldrich) with continuous stirring for
30 min. To this solution, 0.3 M NaOH (Sigma Aldrich) was
added dropwise until reaching pH 7.5, which initiated the for-
mation of a colored suspension, which transformed to light-
yellow after 30 min of stirring.
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For the synthesis of Au-doped CeO, samples at low Au con-
centrations (0.1 mol%, 0.3 mol%, 0.4 mol%, and 0.5 mol%)
and high Au concentrations (5 mol%, 10 mol% and 15 mol%)
at pH 7.5, gold chloride (AuCl;) (Sigma Aldrich) was dissolved
in deionized water at each required concentration in a volume
of 25 mL and then added to the 0.3 M solution of Ce
(NO3);-6H,0 before the addition of TG. The rest of the pro-
cedure followed was the same as for pristine samples.

The precipitated materials were filtered using Whatman-40
filter paper and were washed several times with deionized
water to remove impurities. The wet powders were dried at
70 °C in an oven for 24 hours. Finally, the samples were cal-
cined at 250 °C for 2.5 hours to remove residual organics,
stabilize the CeO, support, and minimize Au nanoparticle
sintering.

Sample characterization

The addition of Au to the CeO, lattice was determined using
Fourier transform infrared spectroscopy (FT-IR). The transmit-
tance spectra were recorded using a Bruker Tensor-27, with
KBr (Sigma Aldrich) as the background material in pressed
pellets (5 tons per 3 min). The crystallinity of the synthesized
materials was determined by X-ray diffraction (XRD) analysis
using a Philips X’pert MPD diffractometer using Cu Ky (k =
1.54 A) radiation at a scanning rate of 0.04° s™'. The lattice
parameters and grain sizes were determined by Rietveld refine-
ment. The UV-vis diffuse reflectance spectroscopy (DRS)
measurements were recorded using an Agilent Cary-5000
UV-Vis spectrophotometer equipped with an integrating
sphere. Scanning electron microscopy (SEM) images were
obtained to analyze morphology and to determine the pres-
ence and segregation of Au. A JEOL JIB-4500 focused ion beam
scanning electron microscope (SEM/FIB - 15 kV - x40000) was
employed. Transmission electron microscopy (TEM) images
were also obtained using a Hitachi H-7650 microscope. In
addition, to determine the chemical composition and oxi-
dation states of Au on the Au-doped CeO, materials on the
surface, X-ray photoelectron spectroscopy (XPS) measurements
were performed in a SPECS system equipped with a PHOIBOS
WAL analyzer using an Al anode.

Density functional theory (DFT) calculations

We performed first-principles calculations based on the peri-
odic density functional theory implemented in the Vienna Ab
initio Simulation Package (VASP)'®™*° to investigate the struc-
tural conditions under which gold behaves as an anion.
Electronic states were expanded in plane waves with an energy
cutoff of 450 eV. The electron-ion interaction was treated
employing the pseudopotential method with PAW pseudopo-
tentials.>® The exchange-correlation energies are calculated
using the generalized gradient approximation (GGA) with PBE
parametrization.”® van der Waals interactions have been
accounted for by employing the D3 correction method of
Grimme et al.>*** The DFT + U correction was employed to
describe correctly the Ce f electrons with a U value of 5 eV.**
We used the supercell method to simulate gold-modified

This journal is © The Royal Society of Chemistry 2026
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cerium oxides in a 2 x 2 x 1 supercell, a size appropriate for
the assessed Au content. In geometry optimization, conver-
gence is achieved when all force components are less than
0.01 eV A™" and the energy differences are less than 1 x 10™*
eV, as reported in previous studies.” The Brillouin zone was
sampled with an equally spaced k-point mesh in a 6 x 6 x
6 grid for the unit cell. A comparison of total density of states
(TDOS) for bulk CeO, employing Gaussian and Methfessel-
Paxton smearing was made (Fig. S1). No significant change in
the TDOS and the band gap value was observed. A Methfessel-
Paxton smearing®® was used. In the SI (Fig. S2-4), we provide
details on the computational parameter optimization con-
sidered in this work.

Since we are dealing with surface terminations of different
atom numbers, we employ the surface formation energy form-
alism (SFE) to investigate the stability of structures.”® The SFE
was calculated using the following formula:

Et = Egap — Eret — Anopo — Ancepice — ANaufiau

where Eg,p is the total energy of the system at hand, E\.¢ is the
total energy of an arbitrary reference; in this case, the reference
is the clean CeO,(2 x 2) supercell, g; is the chemical potential
of the /™ species, and An; is the excess or deficit of the /™
species. The SFE is a function of the O chemical potential with
a lower limit (O-rich conditions) o = ¥ and an upper
limit (O-poor conditions) uo = gl — AH;, with AH; being
the bulk CeO, formation enthalpy. To determine the Ce AHj,
we employed the hexagonal phase with 4 atoms per unit cell.
According to calculations, AHy = 6.37 eV. o and pu,, are
obtained by modeling the O, molecule in a 10 A cube and the
Au FCC phase with 4 atoms per unit cell, respectively.

Results and discussion
Effect of Au concentration on the structural properties of CeO,

Based on the idea that gold in an anionic state would be
favored by the CeO, surface defects and the low electro-
negativity of Ce atoms, the samples prepared for this work
involved two Au concentration regimes, at low Au concen-
trations (from 0.1 to 0.5 mol%) and high concentrations (from
5 to 15 mol%), expecting an Au surface substitution effect to
be favored at low concentrations and particle aggregates to
form on the CeO, surface at high concentrations.

First, to confirm the Au integration into the CeO, lattice,
FT-IR spectra were recorded for all the prepared samples.
Results are presented in Fig. 1. The high concentration regime
spectra for the functional group and the fingerprint region are
shown in Fig. 1a and b, respectively. In the functional group
region, the shift to higher wavenumber values on the O-H
stretch (3314 ecm™ for pristine CeQ,) indicated that surface
OH groups interact less, attributed to the less formation of
ordered hydrogen bonds due to a more distorted lattice as the
amount of gold increased. In the fingerprint region, the Ce-O
stretch band was observed at 503 cm™" for pristine CeQ,.*” As
the gold concentration increased, a shift to a lower wavenum-
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ber was observed, indicating that the Ce-O bond weakened
with the addition of gold. The shift stopped after 5 mol% con-
centration, indicating bulk saturation and further gold particle
aggregation.

For the low-concentration regime in the fingerprint region,
a gradual shift of the Ce-O stretching band was also observed
as the gold concentration increased, indicating gold incorpor-
ation into the CeO, lattice.

To confirm the crystallographic phases, samples were
measured by powder XRD in the range of 20° to 80°. Results
are presented in Fig. 2 for both sets of samples: the high con-
centration regime (Fig. 2a) and the low concentration regime
(Fig. 2b). The two plots show the crystallographic chart for the
CeO, FCC (ICSD 034-0394) and the Au FCC (ICSD 004-0784) as
well as the corresponding diffractogram for each sample.
Results validated the fluorite structure (FCC) of CeO, for all
the samples. Additionally, the presence of gold in the FCC
structure was confirmed in the three high-concentration
regime samples by the appearance of the corresponding diffr-
action peaks, which were absent in the low-concentration
regime samples. This result confirms the presence of doping
at low concentrations and the coexistence of doping and par-
ticle segregation at high concentrations.

To have a clearer view of the effect of the Au concentration
on the crystal structure of CeO,, X-ray diffractograms were ana-
lyzed by Rietveld refinement to determine the lattice para-
meter. Plots of the measured lattice parameter as a function of
the Au concentration were constructed. Fig. S5a shows that in
the low concentration regime, as the Au concentration
increases, the lattice parameter slightly decreases until the
value of 0.5 mol%. For the high concentration regime
(Fig. S5b), it initially diminished and then remained in a
similar range. This decrease in lattice constant was consistent
with the smaller ionic radius of Au ions (0.53 A) than both
Ce*" (0.92 A) and O® (1.38 A). The observed behavior suggests
that the addition of Au leads to significant changes in the elec-
tronic environment of CeO,. The addition of gold atoms may
induce an increase in defects, as well as a reduction in Ce
atoms.

Furthermore, to gain insight into the effect of Au concen-
tration on crystallite size, the Scherrer crystallite size was deter-
mined from Rietveld refinement results. These results are pre-
sented in Fig. S6. In the low concentration regime, the trend
showed that as the Au concentration increased, the crystallite
size gradually increased (Fig. S6a), suggesting that small
amounts of gold may act as nucleation enhancers or crystal
growth promoters. For the high concentration regime
(Fig. S6b), as the Au concentration increased, the crystallite
size decreased, indicating that excess Au begins to hinder
grain growth.

Once we confirmed Au integration into the lattice samples,
the electronic structure of the system was investigated by
UV-Vis diffuse reflectance spectroscopy (DRS). The results are
presented in Fig. 3. According to the literature, bands at 270
and 345 nm correspond to Ce*" « O~ and Ce*" « O~ charge
transfer processes, respectively.”® As the gold concentration
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Fig. 1 Transmittance FT-IR spectra for the different synthesized cerium oxide materials at different concentrations of gold. (a) Functional group and
(b) fingerprint region for the high Au concentration regime. (c) Fingerprint region for the low Au concentration regime.

increased, diminishing intensity was observed for the band
corresponding to Ce*" « O~ charge transfer, while the Ce*" «
O~ charge transfer increased. This behavior is more clearly
illustrated in the inset plot of Fig. 3, which shows the band
maxima as a function of gold concentration, and the intensity
maximum corresponding to Ce*" started to decrease after the
initial concentration, while the one corresponding to Ce**
remained constant after the first increase, indicating that as
gold is incorporated into the CeO, lattice, an increase in
defects and a reductive chemical environment is induced. In
the range of 450-700 nm, a broad band appeared, which did
not appear at the pristine CeO,, corresponding to the surface
plasmon resonance of the metallic Au nanoparticles and
affected by the morphology of the gold particle and the dielec-
2% these bands

also increase with increasing gold concentration, indicating an

tric properties of the chemical environment;

increase in the amount of segregated particles.

From XRD Rietveld refinement analysis, the segregated Au
composition was estimated (Table S1), finding that the Au par-
ticle segregation amount increased with Au concentration,
corresponding to the observed DRS UV-vis results.

Nanoscale

Although UV-vis analysis indicated that a fraction of the
material was nanostructured, SEM micrographs (Fig. S6)
revealed a wide range of particle sizes, spanning from the
micro to nanoscale, as well as diverse morphologies. These
results were observed despite the varying Au concentration
(Fig. S6a and b); however, in the high concentration regime,
the back-scattered electron image enabled us to observe the
segregated gold particles as intense, white contrast spots
(Fig. S6c). The EDS spectra (top panels in Fig. S6) revealed the
bulk sample’s chemical elemental composition, indicating
that Au was only detected in the high-concentration regime,
giving additional support to the XRD results for the presence
of the Au cubic phase in the high-concentration regime
samples, further confirming the Au particle segregation.

Furthermore, to gain insight into the material morphology
at the nanoscale, as well as Au particle segregation behavior,
TEM images were collected; these results are presented in
Fig. 4. In general terms, no specific morphology was observed.
A homogeneous distribution of particle conglomerates that
ranged from 50 to 200 nm was observed for pristine CeO,
(Fig. 4a and b), and a similar morphology was observed for the

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Powder X-ray diffractograms for the different synthesized cerium oxide materials at different concentrations of gold (a) for the high Au con-
centration regime and (b) the low Au concentration regime.
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P

Fig. 4 TEM micrographs for (a, b) pristine CeO,, (c, d) in the low Au concentration regime and (e, f) in the high concentration regime at two

different magnifications.

low-concentration regime sample (Fig. 4c and d). For the high-
concentration Au-doped CeO, sample (Fig. 4e and f), a
different type of particle appeared, with a shape similar to the
cubic shape; these formations were attributed to the segre-
gated Au particles.

The UV-vis spectra indicated an increase in defects and a
reductive chemical environment as the Au concentration
increased; both conditions were further considered to model
the system and, by ab initio calculations, determine the Au
charge characteristics under different structural adsorption
conditions. These results are discussed in the next section.

Au adsorption on the CeO, (111) surface: conditions to
observe Au anionic behavior

A major critical point was to establish the conditions under
which gold could present different electronic states. It is
expected that a more reduced and defective environment on

Nanoscale

the CeO, surface would be a more likely surrounding for redu-
cing Au atoms. According to the literature, vacancy formation
energies on CeO, follow the order {1 1 0} < {1 0 0} < {1 1 1};*°
however, the most stable surface according to the literature is
(111).>" Hence, this work focused mainly on the simulation of
the (111) surface and was complemented with a survey study of
the adsorption of Au on the (110) surface. The pristine CeO,
(111) surface was first constructed and then relaxed. After this,
an oxygen vacancy (O-v) model was built and geometrically
optimized.

Subsequently, the incorporation of Au was assessed. To
determine the most likely binding sites of Au on CeO,, electro-
static potential maps were plotted (Fig. S8). The results showed
a negative potential for oxygen atoms and a positive potential
for cerium, indicating that the most probable incorporation
sites on both pristine and defective surfaces would be on top
of O atoms and in tetrahedral sites between three Ce atoms.

This journal is © The Royal Society of Chemistry 2026
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The incorporation of Au was carried out in this manner in
both cases, where Au, on the O-v model, was positioned on top
of O and at the O-v site. Results for the obtained models and
their surface stability assessment are presented in Fig. 5. The
pristine surface models’ adsorption structures (Fig. 5a and b)
show practically no change in geometry with respect to the
pristine CeO, (111) surface model (Fig. S9), whereas in the
defective one, an apparent change in structure is observed in
both models (Fig. 5¢ and d), the effect attributed to the O-v.
The stability of the present models was analyzed using the SFE
formalism, constructing plots of the SFE as a function of the
chemical potential change of O atoms, with limits indicating
poor and rich O conditions (Fig. 5e). Models were compared to
the clean CeO, surface as a reference. Results showed that the
most stable model in this comparison was the O-v with no Au
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adsorption, followed by the adsorption of Au on the O-v. Then
the O on top adsorbed on the O-v model, while the Au adsorp-
tion in the pristine CeO, surface models was the least stable.
This trend is consistent with experimental reports, which indi-
cate that a highly O-v defective surface is the naturally occur-
ring state of Ce0,.>*> Based on these results, we constructed
adsorption models where, in addition to the O-v, an oxygen
atom nearby to an oxygen vacancy was substituted with Au and
compared the stability with respect to the oxygen depth of sub-
stitution. These results are summarized in Fig. 6. The three
relaxed adsorption models are presented in Fig. 6a-c. Models
show a significant geometry change after incorporating Au; the
model presented in Fig. 6a reveals that the substitution of O
closest to an O-v, Ce-O bond stress for the nearest neighbors
to Au was observed, while the area corresponding to the
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Fig. 5 Adsorption of Au on the CeO, (111) surface. Non-defective (blue panel), (a) at the Ce tetrahedral site and (b) on top of an O atom. O vacancy
(red panel) (c) at the Ce tetrahedral site and (d) on top of an O atom. (e) SFE as a function of chemical potential change for the above-presented

models.
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nearest O to O-v on top of an O atom, and (c) substituting an O below the O-v. (d) SFE as a function of chemical potential change for the above-pre-

sented models.

vacancy does not exhibit an appreciable change. Fig. 6b pre-
sents the substitution on the second nearest neighbor O atom,
showing structural reconstruction in the vacancy and a small
structural shift on the Au atom toward the O-v, likely induced
by bond stress. The model in Fig. 6¢ shows the substitution in
the internal O atom closest to the O-v. We observed significant
structural deformation induced by the size of the Au atom. All
three O-v models with oxygen substitution resulted in
increased stability (Fig. 6d) compared to the pristine one and
the O-v ones under oxygen-poor conditions, indicating that
this type of defect is likely to occur on this surface. In general,
the SFE plots for all the assessed models indicated that CeO,

Nanoscale

and Au adsorption on CeO, tended to be more stable as the
system oxygen defectivity increased. According to the litera-
ture, interactions of Au with very electropositive elements
induce the formation of the anion behavior of gold,**~*> which
suggests that under-oxidized defective states on CeO, could
aid the interaction of Au with relatively highly electropositive
Ce atoms and induce the anionic behavior of gold. Hence, we
proceeded to calculate the Bader charges for all our Au adsorp-
tion models to determine the net charge of Au atoms after
adsorption. Results are presented in Table 1. They show that
for all models with an O-v defect and Au occupying an oxygen
site, the net charge of the Au atom was negative, ranging

This journal is © The Royal Society of Chemistry 2026
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Table 1 Bader charge analysis for the Au adsorption models

Model First nearest neighbor atoms  Au net charge (e”)
Clean Au-ads O o —0.09
Clean Au-ads Ce Ce +0.32
O-v Au ads on O o +0.05
O-vAuadson Ov Ce —0.59
O-v O-subs Ce -0.67
O-v O-subs-O-int Ce —0.55
O-v O-subs-O-sup  Ce —0.66

between 0.5 and 0.7 electrons. This indicates that the most
stable adsorption models on the CeO, (111) surface also
exhibited anionic behavior of Au. On the other hand, the non-
defective adsorption models presented mostly cationic behav-
ior, as did the de O-v model, where Au adsorbed on top of an
O atom, corroborating the observed result that Au occupying
oxygen sites tends to exhibit this behavior on this surface.
Reports of Bader charge analysis for Au adsorbed on CeO, sur-
faces have also shown negative values for Au.’® Additionally,
the Bader charge for Ce atoms revealed that the nearest neigh-
bors to Au had a net charge of ~+2 electrons, which, according
to the literature, correlates to a Ce*" oxidation state.”

Additionally, since the (110) surface has the most negative
vacancy formation energy and the observation that anionic be-
havior gets induced by the presence of oxygen vacancies, we
modeled the (110) surface of CeO,, created surface vacancy
models, and adsorbed Au at different surface depths. The
results for these relaxed models are presented in Fig. S10,
along with their SFE stability plots and Bader charge results.
We observed a similar behavior to the (111) surface, where the
adsorption of Au substituting an O atom near an O vacancy
induced an anionic behavior with a Bader net charge of —0.71e
(Fig. S10a), and showed that in deeper surface layers, Au
anionic character gradually diminished (Fig. S10b and c),
implying that anionic behavior is favored by the surface
environment. On the other hand, the SFE plot (Fig. S10d)
showed that stability decreased as Au was adsorbed in deep
surface layers, implying that the most stable case was the most
negative Au charge model too.

To gain further insight into gold charge behavior in
different adsorption systems, we performed charge density
difference analyses of the CeO, (111) Au adsorption models.
These results are presented in Fig. S11. Plots depict, in blue
iso-surfaces, regions of charge depletion, while in yellow,
charge accumulation is shown. Fig. S11a and b correspond to
the non-defective adsorption in the tetrahedral site between Ce
atoms and on top of O atoms, respectively. Both models show
cationic behavior, as evidenced by charge depletion around
the Au atoms. On the other hand, in Fig. S10(c-e), models in
which Au substitutes for O atoms near an oxygen vacancy are
shown, and anionic behavior is observed, as evidenced by a
major charge density accumulation around the Au atoms.
These results were consistent with Bader charge analysis
observations.

This journal is © The Royal Society of Chemistry 2026
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As a further validation of the obtained results, we assessed
the effect of the slab size on the SFE and the Bader charge of
Au, increasing from 3 to 7 Ce atomic layers for a stable anionic
behavior Au adsorption model. Results are presented in
Fig. S12, showing no significant change in the SFE as well as
the Bader charge as the slab size increased, indicating that the
employed model size is scalable.

At this point, computational results showed that Au on
CeO, can behave as an anion. The experimental findings in
this regard are presented and discussed in the next section.

Effect of Au concentration on surface chemical composition:
tracking Au anionic behavior

An important aspect to consider once we identified the struc-
tural conditions that could induce an anionic behavior is that
the optimized structural models were developed in a low Au
concentration regime. In this context, we expected to identify
these chemical species in the low Au concentration regime, yet

Ce 3d
0.5 mol% Au
a) O1s
- C1s Au 4f
0.4 mol% Au
S
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k7]
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Fig. 7 Survey XPS spectra for the series of samples: (a) at low Au con-
centrations and (b) at high Au concentrations.
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both series of samples were investigated. The chemical ana-
lysis was made by XPS. Results for the survey spectra at
increasing Au are presented in Fig. 7a for the low concen-
tration regime and Fig. 7b for the high concentration regime.
The characteristic peaks for the elements of interest were high-
lighted: Ce 3d, O 1s, C 1s, and Au 4f. At low concentrations,
the peaks in the Au 4f are barely visible. We can see that as the
Au concentration increases, the intensity of the small Au 4f
peak grows. Ce 3d peaks are clearly visible, as well as the peak
for O 1s in both concentration ranges. To establish a relation-
ship between the oxidation state of Ce and the Au concen-
tration, high-resolution spectral windows for Ce 3d, O 1s, C 1s,
and Au 4f were also measured. We proceeded to perform the
curve fitting for the Ce 3d peaks following the components
defined by Romeo and collaborators®® with modifications as

View Article Online
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described by Isaacs et al.** employing the labeling defined in
the cited references, identifying the components corres-
ponding to Ce** and Ce*". This curve fitting analysis is pre-
sented in Fig. 8a for the high concentration regime of
samples; the data are shown (after a Shirley background sub-
traction) as black dots, and the fitted envelope as a purple
line. The components corresponding to Ce** are presented as
a beige colored area under the curve, while the Ce*" group is
depicted as a blue color palette. XPS atomic percentage quanti-
fication was also performed for the high-concentration regime.
The results are presented in Fig. 8b as a plot of atomic percen-
tage of the corresponding element as a function of Au concen-
tration in mol%. Results show that with increasing concen-
trations of Au, the surface amount of Au increased; on the
other hand, the O atomic percentage decreased, indicating
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Fig. 8

(a) XPS Ce 3d high-resolution windows (after a Shirley background extraction) for the high Au concentration regime series of samples and

the respective components (components were labeled according to literature convention); the envelope is shown in purple and experimental data in
black. (b) Surface atomic percentage quantification as a function of Au concentration. (c) Ce** and Ce®* with respect to the total Ce as a function of

Au concentration.
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that Au may be substituting oxygen sites. Also, the Ce atomic
percentage increased, indicating that the number of defects on
CeO, also increased. This assertion was confirmed when we
constructed a plot of the ratio of each Ce oxidation state rela-
tive to the total surface Ce as a function of Au concentration in
the low-concentration regime series of samples (Fig. 8c). A
direct increase of Ce*" ratio with respect to total Ce is
observed, and hence, a diminishing of Ce** is observed as the
Au content rises. This was a clear indication that Au increased
the defects and induced a surface reduction effect, also con-
firming that we had the favorable surface conditions to induce
the formation of Au anions, as predicted by DFT simulations.
To determine the oxidation state of the Au species, we ana-
lyzed the high-resolution windows of the Au 4f XPS spectra for
both Au concentration regimes. Curve fitting was performed,
and the positions of the modeled components were deter-
mined based on position reports for the various gold oxidation
states. The spectra for Au 4f after a Shirley background subtrac-
tion for the low Au concentration samples are presented in
Fig. 9. The results show different oxidation states for gold
atoms. The components for Au 4f,, and Au 4fs,, for Au® are
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shown in red, Au'* in purple, and Au®" in yellow. Additionally,
we found two types of 4f splitting components, which point to
the anionic state of Au (Au'"). One with 4f,, at lower binding
energy values than Au’, attributed in the literature to nega-
tively charged Au on the surface of Au particles' (shown as
green components in Fig. 9); the second negatively charged Au
component is attributed to Au atoms substituting oxygen on
the surface of the solid; this assignment is consistent with
peak appearances reported by Rodriguez and coworkers in XPS
studies for CsAu*® and by Liu and coworkers in their in situ
XPS study of anionic gold on Au electrodes.*! Interestingly, the
increasing Au amount in the low concentration regime
(Fig. 9a-d) shows no identifiable trend in the negatively
charged Au species; however, as the concentration increased,
the Au’® relative amount increased. On the other hand, posi-
tively charged oxidation states were observed in samples with
concentrations of 0.1 mol% and 0.4 mol%, with no particular
trend.

Finally, the Au 4f high-resolution window spectra after a
Shirley background subtraction for the high Au concentration
regime are presented in Fig. 10a. Fitting the component model
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s
2
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=
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Fig. 9 XPS Au 4f high resolution windows (after a Shirley background extraction) for the CeO, modified in the low Au concentration regime: (a)
0.1 mol% Au, (b) 0.3 mol% Au, 0.4 mol% Au and 0.5 mol% Au. Proposed components are shown in colors: Au® (red), Au'* (purple), Au®* (yellow),
Au'~(ss) (filled blue), and Au'~ (particle) (filled green). The experimental result is shown in black, and the envelope is shown in light purple.
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Fig. 10 (a) XPS Au 4f high resolution windows (after a Shirley background extraction) for the CeO, modified in the high Au concentration regime.

Proposed components are shown in colors: Au® (red), Au'~(ss) (filled blue), and Au'~ (particle) (filled green). The experimental result is shown in
black, and the envelope is shown in light purple. (b) Surface atomic percentage for the Au'~ species covering the metallic gold particles (Au'~ (par-
ticle)) as a function of the atomic percentage for the metallic Au (Au®) chemical species. (c) Surface atomic percentage for the Aul~ species substi-
tuting O atoms on the CeO, surface (Au'~(ss)) as a function of the surface atomic percentage of O.

shows that metallic (Au®) species dominated at high concen-
trations, yet both anionic components appeared even after a
10 mol% addition. However, their relative concentration to the
total Au surface amount was higher in low concentration
regimes, indicating an effect of concentration on the anionic
behavior. This suggests that at lower concentrations, it is more
likely for a single O atom to be substituted by Au near an
oxygen vacancy, as predicted by our computational simu-
lations. To gain further insight into the structural effects
responsible for the observed Au anionic species, we con-
structed surface atomic percentage (at%) correlation plots. The
correlation for the anionic species attributed to the surface of
Au particles as a function of the metallic Au (Au°) concen-
tration is shown in Fig. 10b, indicating that as the amount of
Au’ increases, the Au anionic component on the surface of the
metallic Au particles also increases. This result aligns with the
component attribution and the literature."* On the other
hand, Fig. 10c shows the correlation for at% concentration of
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the Au anionic species attributed to the substitution of oxygen
on the solid as a function of the O at%. It is observed that as
the oxygen concentration on the surface diminishes, the Au'~
concentration increases, in correspondence with the com-
ponent attribution as well as literature reports.*®*'

Conclusions

This work presents the synthesis and structural characteriz-
ation, as well as computational modeling, of Au-doped CeO,
materials. Results revealed the structural conditions under
which the anionic character of gold was observed. Samples
were prepared in two Au concentration regimes. Incorporation
of Au into the CeO, lattice in both concentration regimes was
successful as corroborated by XRD and FTIR analyses. An
increase in defects and a reductive chemical environment with
increasing Au concentration was verified by UV-vis spectra.

This journal is © The Royal Society of Chemistry 2026
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The presence of Au loading onto CeO, as particles in the high
Au concentration samples was identified by SEM images and
EDS spectra. The most stable surface models included oxygen
vacancies and Au species substituting O atoms near the
vacancy site, as revealed by DFT simulation results. Under
these conditions, Au behaves as an anion as revealed by Bader
charge analysis. Finally, Au occupies O sites, as was confirmed
by the XPS analysis, along with further peak modeling and
quantification using high-resolution window spectra. On the
other hand, different oxidation states of Au were observed,
where two sets of components referred to in the literature as
Au'~ were determined; further quantification correlations con-
firmed the component assignment, implying that anionic Au
species could be inherently present in Au-doped CeO,
materials. In this sense, this work opens a door to further
study catalytic reaction mechanisms. Additionally, it paves the
way for future technological applications of anionic gold
species in rare-earth oxide materials.
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