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ABSTRACT

Ultrafine 5 nm ceria isotropic nanoparticles were prepared using the rapid chemical precipitation
approach from cerium(I11) nitrate and ammonium hydroxide aqueous solutions. The as-prepared
nanoparticles were shown to contain predominantly Ce(lV) species. The solubility of
nanocrystalline CeO, at several pH values was determined using ICP-MS and radioactive tracer
methods. Phase composition of the ceria samples remained unchanged upon partial dissolution,
while the shape of the particles changed dramaticaly, yielding nanorods under neutral pH
conditions. According to X-ray absorption spectroscopy investigation of the supernatant, Ce(l1l) was
the main cerium species in solution at pH < 4. Based on the results obtained, a reductive dissolution
model was used for data interpretation. According to this model, the solubility product for ceria
nanoparticles was determined to be logKs, = -59.3 + 0.3 in 0.01M NaClOs. Taken together, our
results show that the pH-dependence of ceria anti- and pro-oxidant activity can be related to the

dissolution of CeO, in aqueous media.

INTRODUCTION

Nanosized cerium oxide (nano-ceri@) is currently one of the most widely used engineered
nanomaterials **3. Ceria nanoparticles (NPs) exhibit high oxygen storage capacity, good chemical
and thermal stability and excellent biocompatibility. Nano-ceria has already been widely used as a
component of various catalysts, protective corrosion-resistant coatings for metals and alloys,
polishing mixtures and abrasives >3 |t is anticipated that the production of engineered ceria-

based nanomaterials will notably increase in the immediate future, because of emerging ceria
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applications in UV filters , solid oxide fuel cells and pharmacology #**. Rapidly
growing demand in ceria-based materials inevitably results in their release to the environment (e.g.
with industrial wastewaters) that could affect the biota %,

The biological effect of the cerium compounds depends on its valence state. Toxicity of Ce(IV)
compounds is associated primarily with high redox potential of tetravalent cerium ions and their
ability to oxidize biomolecules. The standard electrode potential of Ce**/Ce* (+1.72V) is much
higher than the oxidation potential of the most organic compounds (for example, for growth nutrient
Dulbecco’'s Modified Eagle’'s Medium, this value lies in the range of -0.38 to +0.34 V %), It was
also found #* that the biological activity of Ce(l11) compounds is probably dictated by proximity of
the ionic radii of Ce*" and Ca*ions (1.01 A and 1.00 A, respectively) %. Asaresult, calcium ionsin
biomolecules can be partially replaced by cerium ions. Additionally, reducibility of ceria determines
its activity in biochemical redox processes (especialy inactivation of reactive oxygen species (ROS)
and free radicalsin living cells), and underliesits application as an antioxidant / prooxidant %%,

The redox activity of ceria is often associated with the hypothesis of its high oxygen non-
stoichiometry. However, this hypothesis is still debatable. Analyzing a range of studies of cerium
oxidation state performed by X-ray photoelectron spectroscopy (XPS) 3%, X-ray absorption
spectroscopy (XAS) * 3" 3 electron energy loss spectroscopy (EELS) ** *° and UV-visible

! one can conclude that oxidation state measurements strongly depend on the

spectroscopy
technique used. Tsunekawa et a. *** estimated the dependency of the ceria lattice parameters on
the particles size. Their calculations showed that, at a ceria particle size of 1.9 nm, the full
conversion of Ce** — Ce* should occur. The XPS results of Deshpande et a. ** also showed an
increasing of cerium(l11) concentration in CeO, with a decrease in particle size. The EELS data of

Goris et al. * suggested that distribution of Ce** in CeO; particlesis uneven. A thick layer of Ce** is

present on the <001> surface while Ce** concentrates on the <111> facet. In turn, Paun et a. ¥



found that there was no significant Ce(l11), even in small ceria nanoparticles, according to the Ce L3
XAS technique.

It is generaly believed that cerium dioxide has extremely low solubility, which has little or no
effect on its cytotoxicity *°. A number of recent studies have shown that ceria undergoes partial
dissolution under specific conditions ** %> . Nevertheless, there are still no reliable experimental
solubility data for CeO, in bulk and nanoparticles. Existing estimates (logKsp = -60) for cerium
dioxide are based on theoretical calculations *°. Dahle et al. *° attempted to measure experimentally
the release of Ce from commercialy available CeO, NPs using ICP-AES at various pH values. The
release of Ce was found to be three times greater for large NPs than for small NPs. Such behaviour
IS quite unusual, since the reactivity of nanoparticles generally increases with a decrease in particle
size®. Unfortunately, Dahle et a. *° did not vary particle size in a systematic way while keeping the
amount of material constant.

An accurate study of ceria solubility is in great demand, to find out the possible interaction
mechanisms of CeO, nanoparticles with living beings, and to obtain deeper insights into the
negative or positive effects that can be caused by ceria dissolution in biological media. The latter is
extremely important in light of possible biomedical applications of nano-ceria. Obtaining the
solubility product constant allows modeling of CeO, behaviour in vivo by taking into account
complexation reactions of cerium species, with various anions such as carbonate, chloride,
phosphate and others, and by considering other pet+pH conditions. Therefore, the purpose of this
paper is to experimentally determine the solubility of cerium dioxide nanoparticles in a broad pH
range, and to develop a thermodynamic model describing the dissolution process. It is a known fact
that many factors can affect the solubility behaviour of nanoparticles. These factors are generally of
two types: solution composition and properties (pH value, ionic strength, the presence of carbonates,

etc.), and solid state characteristics (particle size, morphology, synthesis routs, aggregation degree,



etc.). Therefore, in this paper, for a better understanding of the solubility behaviour of CeO;
nanoparticles, and to enable thermodynamic modeling, both solid and agueous phases were
examined simultaneously.

EXPERIMENTAL SECTION

Synthesis of CeO, nanoparticles

In the present study, ceria nanoparticles were prepared according to the previously established
protocol *°; 50 ml of 0.1 M cerium(l11) nitrate agueous solution was added to 250 ml of aqueous
ammonia (3M), at room temperature, under continuous stirring. The precipitate formed was allowed
to age for 12 hours. After precipitation, all the samples were washed three times with Milli-Q water
(18.4 MOhm/cm).

In some experiments, an aliquot of a mixture of radioactive tracers **'Ce (T, = 32.5 days) and
1Ce (Ty2= 284.9 days) was added to initial Ce(l11) nitrate stock solution. The mixture of these y-
emitting isotopes was isolated from a thorium target irradiated by medium-energy protons, as
described previously *°. Radioactive cerium isotopes were added as cerium(l11) nitrate; the chemical
form is the same as for the stable cerium. The ratio of stable and radioactive isotopes was fixed in
these experiments and varied in the range of 1x10° imp/s per mole of stable Ce to 1x10°impl/s per
mole of stable Ce, depending on experimental conditions.

Char acterization of CeO, nanoparticles

Ceria nanoparticles were analyzed before and after solubility studies, to determine phase
composition, morphology of the particles and the valence state of cerium.

The X-ray diffraction (XRD) data were recorded using a Bruker D8 Advance diffractometer,
(CuKa radiation). The PC-PDF database was used for the identification of the crystalline phases.
Particle size of nanocrystaline ceria was calculated using the Scherrer formula, where the

coefficient of anisotropy (K-factor) was set to 1. Line profiles for (111) and (200) reflections were
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fitted to pseudo-Voigt functions. Particle size was calculated from full width at half maximum
(FWHM) of (111) and (200) diffraction lines. No traces of amorphous phases in the XRD pattern
were detected.

Microstructural evaluation studies were performed using a Libra 200 Carl Zeiss, and a Jeol-2100F,
transmission electron microscopes (HRTEMS) with accelerating voltages of 200 kV. Electron
diffraction patterns were recorded using the same instruments.

Small-angle X-ray scattering patterns were registered using monochromatic CuKa-radiation in a
broad angular range, (scattering vectors(s) between 0.1-27 nm'%), using a SAX Sess diffractometer
(Anton Paar). Samples were placed in standard X-ray capillaries. A Kratki collimation scheme was
used. Slit-geometry providing a highly intense primary X-ray beam was employed; reduction to
point geometry (desmearing) was performed using a standard algorithm >!. All measurements were
performed at room temperature, in an evacuated chamber (residual pressure 5-10 mbar).

Soft X-ray spectromicroscopy was used for the investigation of the electronic structure and
chemical composition of the CeO, nanoparticles. Single-energy images and O K-edge and Ce Ms 4-
edge XANES spectra were acquired using the STXM instrument at the Environmental Science
(MES) beamline 11.0.2 at the Advanced Light Source (ALS), which is operated in topoff mode at
500 mA, in a ~0.5 atm He-filled chamber ****. These conditions alow for the study of air-dried
samples, and this is significant, since cerium dioxide nanoparticles undergo partial reduction upon
thermal treatment and exposure to reduced pressures. For the STXM measurements, an air-dried
suspension of NPs was sandwiched between two SizN4 windows, with data collected and processed
as previously described > *°. The maximum energy resolution E/AE was previously determined at
better than 7500. For these measurements, the X-ray beam was focused with a zone plate onto the
sample, and the transmitted light was detected. The spot size and spectral resolution were

determined from characteristics of the 25 nm zone plate. Images at a single energy were obtained by



raster-scanning the sample and collecting transmitted monochromatic light as a function of sample
position. Elemental maps were obtained by subtraction one image taken at an energy just below the
edge from another taken at the absorption maximum, such that lighter regions correspond to greater
concentration of the absorbing atom. Spectra at particular regions of interest on the sample image
were extracted from the “ stack”, which is a collection of images recorded at multiple, closely spaced
photon energies across the absorption edge. To quantify the absorbance signal, the measured
transmitted intensity (I) was converted to optical density using Beer—Lambert’s law: OD = In(l/lg) =
Hod, where |o is the incident photon flux intensity, d is the sample thickness, and p and p are the
mass absorption coefficient and density of the sample material, respectively. Incident beam intensity
was measured through the sample-free region of the SisN4 windows. Regions of particles with an
absorption of >1.5 OD were omitted to ensure the spectra were in the linear regime of the
Beer—Lambert law.

X-ray photoelectron spectroscopy (XPS) of the ceria samples was performed using a Kratos Axis
Ultra DLD spectrometer (X-ray source - monochromatized Al Ko, and calibration at the C1s (284.8
eV)). Pass energy was 160 €V for the wide-scan registration and 40 eV for the cerium 3d XPS line
registration.

Solubility study

The solubility experiments were conducted batchwise, in 50 ml plastic vials. The pH of all
suspensions was set in the range 1-11 by the sequential adding of small amounts of NaOH and
HCIO, solutions of known concentrations. lonic strength was kept constant at 0.01M by adding an
appropriate amount of NaClO, stock solution. The experiments with pH>5 were conducted in a
glove box under N, atmosphere, to prevent the formation of carbonate complexes.

Cerium concentration in the supernatant solutions was detected after centrifugation at 40,000 g for

4 hours (Allegra 64R, Beckman Coulter). Cerium concentration in the solutions prepared at pH<5



was determined by the Inductively Coupled Plasma Mass Spectrometry (ICP-MS) method (Agilent
7500). At pH>5, where the solubility of CeO, was found to be very low, cerium concentration in the
solutions in this case was analyzed by y-spectroscopy (GC-3020, Canberra Packard Ind.). The total
concentration of cerium in solution was then recalculated using the ratio of stable and radioactive
isotopes in initial isotopically-labeled CeO,. A radioactive tracer technique was used to measure low
cerium concentrationsin solution, since the limit of detection isaslow as 10> M.

The examination of the supernatants was performed one month after equilibration with the solids,
since the kinetics data obtained at different pH values (Figure S_1 a, b) demonstrated that the steady
state conditions were reached in 15 days (or less). To additionally confirm this, cerium concentration
in the samples prepared at pH 2-6 was also measured after two, six and sixteen months. All the
results were in good agreement, within the limits of experimental error (Figure S_1c).

Redox potentials E(mV) were measured with a Pt-electrode relative to a Ag/AgCl reference
electrode, and were converted to Eh (Eh(mV) = E(mV) + 208 mV). The redox potentia is usually
given relative to the standard hydrogen electrode (SHE), or, analogous to pH, in terms of apparent
electron activity (pe = —loga.-). Eh and pe are related by Eh = -(RT/F)Ina.- where R is the universa
gas constant, T is the temperature (K) and F is the Faraday constant (pe = 16.9 Eh (V) at 25°C).
ZoBell's standard solution was used for the control. The Eh was directly measured in the
suspensions during constant stirring. In each case, the measurements were performed until Eh value
drift was less than 5 mV within 30 min.

X-ray absor ption fine structure (XAFS)

In this study, we used the total-reflection XAFS (TR-XAFS) technique at the air-water interface,
for the study of cerium oxidation state in supernatant solutions obtained through solubility
experiments. The experiment was performed at the “Langmuir” beamline of Siberia Il synchrotron

radiation source (NRC “Kurchatov Institute”). The X-ray beam generated from a bending magnet in



the storage ring was monochromated using a Si(111) double crystal monochromator, and shaped
using a dit with vertical and horizontal sizes of 0.1 and 5 mm, respectively. In contrast to a
condensed-matter sample, most liquid surfaces cannot be positioned in the X-ray beam by being
tilted into the conventiona 6-20-geometry. Therefore, an additional, downwards-reflecting, optical
scheme containing two total reflection mirrors was installed at the Langmuir beamline, enabling the
tilting of the synchrotron radiation beam to the horizontally oriented liquid interface. The tilting
module works such that, primarily, the X-ray beam is reflected upwards with the first quartz mirror,
and then tilted downwards with the second, tungsten-coated, mirror. In this scheme, the angle of
incidence of the X-raysto an interface can be changed whilst keeping the position of the beam fixed.
The critical angle for a water surface near the Ce Ls-edge is 0.215°, and this angle only changes
dlightly over the range of a XANES energy scan. The angle of incidence was maintained close to,
but below, the critical angle of total reflection, which provided the penetration depth of evanescent
waves to 65 nm. Cerium solutions were placed in a 5x5 cm Teflon cell. The total sample volume
was around 8 mL, taking into account the liquid surface meniscus. The XANES data were collected
using the Ce-fluorescence signal that was extracted from the energy spectrum recorded using an
energy dispersive Vortex EX detector positioned perpendicular to the surface.

RESULTS AND DISCUSSION

Ceria nanoparticles characterization
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Figure 1. Characterization of as-prepared CeO, nanoparticles: a) XRD data; b), c) HRTEM data; d)

CeO, NPs size distribution according to HRTEM and SAXS data.

According to XRD and selected area electron diffraction data, ultrafine CeO, nanoparticles with
fluorite crystal structure (PCPDF [81-792]) were formed under chosen experimental conditions
(Fig.1a). The average crystallite size of the as-prepared sample was 5.5 nm, as determined from
XRD. The unit cell parameter for ceria sample was determined to be 5.421(2) A, using the Rietveld
refinement analysis of XRD pattern. The calculated unit cell parameter closely agreed with our
previously reported data *® and confirmed earlier suggestions that the ceria unit cell parameter

increases with decreasing particle size ** ** > Typicd HRTEM images and particle size
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distribution of the nanoparticles are shown in Figure 1(b,c,d). The particles obtained have a
truncated octahedral habitus, that is in agreement with previously published data on computer
simulation®®. The mean diameter of cerium dioxide nanoparticles, as determined by measuring
200 nanoparticles, was 5.7+0.5 nm. As can be seen, the size of the crystallites determined from the
XRD data coincided with the average size found from HRTEM data. The average particle size
determination was also carried out using SAXS analysis. The data obtained by SAXS was a good
reference point for both HRTEM and XRD analysis. Compared with HRTEM, it gave better
statistics, and, in contrast to XRD, it did not require the drying of the samples (which might affect
the results obtained %. Particle size distribution obtained from SAXS curve, using the GNOM
program ®, is presented in Figure 1d; (corresponding experimental and theoretical scattering curves
are shown in Figure S 2). Nanoparticles of 5 nm average size, as well as relatively large

agglomerates up to 60 nm, were observed in the sample.
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Figure 2. Images and spectra obtained using STXM-XAS for 50 nm diameter nanocrystalline CeO-
agglomerates: a) normal contrast image and oxygen and cerium elemental maps, b) Ce M, s-edge

XANES spectrum; ¢) oxygen K-edge spectrum.

X-ray absorption spectroscopy and scanning transmission X-ray microscopy (STXM-XAYS) were
used to evaluate bulk physical structure and chemical bonding. X-ray based microscopies such as
STXM are ideal for sensitive inorganic materials such as CeO,, because the measurements are
conducted in an atmosphere of helium, and compositional changes that occur on exposure to
vacuum or to an electron beam are more easily controlled. For these measurements, the spatial
resolution was limited to 25 nm by the focusing ability of the X-ray optic, and the spectral resolution
was better than 0.1 eV. Figure 2a shows the normal contrast images and elemental maps from
freshly prepared (non-dried) ceria nanoparticles, the CeM,s-edge XANES spectrum collected in
transmission (excitations from 3d to 4f electron core levels) (Figure 2b), and the oxygen K-edge

spectrum from the same region. The Ce spectrum in Figure 2b was collected from a 50 nm diameter
12



cerium-rich region located from the Ce elemental map. Two characteristic peaks, with maxima at
Ms=885 eV and M4=904 eV, are present in the spectrum resulting from the spin orbit coupling of
the 3d hole, along with associated fine structure. Previous works have shown that Ce-M,s-edge
XANES spectra provide distinct signatures for the Ce** and Ce™ oxidation states, although the
ability to fully deconvolve mixtures of oxidation states is limited to about 5% for bulk materials >*
6567 gSpectra for the CeO, NPs closely resemble published O K-edge ®® ™ and Ce M5 4-edge®® #5987+
"3 spectra for CeO, obtained using a variety of detection methods, which confirms that subsequent
solution-phase studies were conducted on analytes that were pure and homogenous. Some very
small shape distortions of the spectrum can be attributed to either the presence of the surface
hydroxyl groups, or Ce(l11) at the NP interface. The present data agree well with previous works *"**
in which the Ce(l11)/Ce(1V) ratio in the samples prepared by similar chemical methods was
determined by direct chemical methods and by measuring Ce-Ls-edge XANES, respectively. The
oxygen K-edge in Fig. 2c also closely resembles that of CeO, ©'.

To complement information from XANES studies, XPS was also used for the characterization of
ceria samples. In contrast to the Ce-M4s-edge XAS investigation, the XPS study showed the
presence of about 17% Ce(I11) in the ceria sample. This discrepancy in the data can be explained by
the partial reduction of Ce(1V) to Ce(lll) under vacuum conditions. This assumption has been
expressed previously * ™ ™. In addition, these observations were substantiated experimentally by
measuring the XPS spectra of CeO, samples immediately after placing them in the vacuum
chamber, and after 12 hours' storage under vacuum conditions (Fig.S_3).

CeO, solubility measurements

13
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ICP-MS (I = 0.01 M NaClQy); data in the acidic region were fitted using linear equations
characterized by slopes of -0.5 and -2, respectively; b) experimental redox potential data collected

frompH 2topH 7.

Figure 3a depicts experimental solubility data for ceria nanoparticles. The radioactive tracer
approach was used for measuring CeO, solubility at pH > 5. Generdly, with this method, a
radioisotope is used to replace one or more atoms in the substance of interest; then, by detecting its
radioactive decay, the concentration of both inactive and labelled atoms or ions can be measured.

This method is commonly used for the determination of solubility of low-soluble compounds ®°,
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as it is more sensitive in comparison to ICP-MS. For cerium compounds, this method was used by
Gelsemaet a.”’ for acerium (111) oxalate solubility study.

Data obtained indicate that ceria solubility in acidic solutions depends on the H* concentration,
while in neutral and alkaline solutions ceria solubility is mostly pH independent. In turn, solubility
data collected in the acidic pH region (2 < pH < 7) separated into two regions. 2< pH < 4.5 and
5< pH < 7. In the first region, the total cerium concentration in solution decreased from 1-:10%M at
pH = 1.5, to 3-:10*M at pH = 4.5. Within the pH from 4.5 to 7, solubility behaviour remained pH-
dependent, while, in this region, the dependence of ceria solubility on pH was more pronounced:
from 3-10*M to 6:10°M. The log[Ce]-pH dependence could be linearized in these regions, with
dopes of -0.5 and -2, respectively. To explain these phenomena, redox potential values were
measured (Fig. 3b). According to these measurements, pe-pH dependence also consisted of two
linear regions. The corresponding slopes could be fitted using linear equations pe + 3.5pH = 27.5 (at
2<pH<45)andpe+ pH =16 (at 4.5 < pH < 7). Hence, different ceria solubility behaviour at pH
1.5-4.5 and pH 4.5-7 could be associated with differing redox conditions.

In the upper range, 7<pH<12, the concentration of cerium in the solution remained amost
unchanged (Fig. 3a). The lowest measured cerium concentration in this pH range was 10° M.

Figure 4 shows HRTEM images of the solid phase after 1 month’s equilibration of theinitial ceria
nanoparticles with agueous phases at pH 3.1, pH 4.9 and pH 7.6. At pH 3.1 and pH 4.9, the
morphology of initial truncated octahedral nanoparticles remained unchanged upon exposure with
water, without any evidence of rounding or surface precipitation (Figure S 4 b,c). At pH 7.6 (Fig.4
¢, d), transformation of initial nanoparticles to nanorods of varying length (50-200 nm) and 3 nm
lateral size was observed, and only a small number of primary nanoparticles remained unchanged.
According to electron diffraction (ED) data, interaction of ceria nanoparticles with agueous phases

did not result in any changes in phase composition of the all samples (Table S _1).
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Figure 4. TEM images of ceria nanoparticles after 1 month’s equilibration at (a) pH 3.1 (insert:
SAED), (b) pH 4.9 (insert: SAED), and c,d) pH 7.6 (insert: typica nanobeam ED). e) pH-

dependence of the {-potential for CeO, NPsin a0.01M NaClO, solution.

CeO, nanoparticles usually possess octahedral habitus, because of the highly symmetric cubic
structure of cerium dioxide (Fm3m). Nevertheless, numerous examples exist which demonstrate the

formation of 1D ceria nanostructures (e.g. nanorods) under specific conditions 8%, The effect of

16



synthesis pH on ceria nanoparticle morphology is widely discussed in the literature % %. There are
two main hypotheses explaining this phenomenon, namely classical Ostwald ripening ® and a mixed
mechanism involving sequential oriented attachment and the Ostwald ripening process . Cerium
dioxide particles synthesized without addition of any surfactants have a cubic or octahedral habitus.
It is to be noted that, from the standpoint of classical Ostwald ripening theory, it is hard to explain
the formation of highly anisotropic single crystalline micro- or nanoparticles having untypical
habitus, such as quasi-one-dimensional nanorods of cerium dioxide. In turn, oriented attachment
often leads to formation of 1D structures. This has been experimentally shown for different

8.8 and supported by theoretical calculations 2" . Typically, formation

materials, including ceria
of 1D nanoparticles proceeds in two stages. The first includes self-assembly of initial isotropic
nanoparticles with formation of anisotropic aggregates. At the second stage, pseudo-single crystals
are formed by the dissolution-recrystallization mechanism.

The formation of CeO, nanorods was observed in our experiments under neutral pH conditions.
Taking into account the dependence of ceria nanoparticles {-potential on pH and CeO, particle size
distributionsin 0.01 M NaClO, (Figure 4D, S 5), the colloidal stability of ceria nanoparticles in the
acidic pH region is quite high, and their agglomeration is unlikely to proceed. Conversely, at pH
values close to pHep = 6.3, ceria nanoparticles become neutrally charged and form agglomerates of
~1 um size, which can lead to their oriented attachment with subsequent Ostwald ripening. An
HRTEM image of the nanorod where the second stage of formation (recrystallization) had not

finished confirms this hypothesis (Figure S_4d).

Thermodynamic modeling of solubility data
In general, the equilibrium of solid metal dioxide with the aqueous solution is described by the

following reaction:

MeOx(s) +2H,0 s Me* +40H" Q)

17



with logKs, = [Me*]-[OH]*

This constant is the solubility product (Ks,) for a given medium, as the solubility and hydrolysis
constant values strongly depend on the ionic strength of the solution; (in the present study, all the
experiments were carried out at 1=0.01M).

The total metal concentration that determines the solubility of the substance of interest includes
the concentration of the Me*" cation, and the concentration of all its hydrolysis products is given by:

[Me(IV)]ioa = [Me"] + Z[Me(OH)s "]

The hydrolysis reactions of Me** ions, i.e. the formation of Me(OH),*" hydroxocomplexes, are
usually written as:

Me™ + nH,0 5 Me(OH),"" + nH* )

The hydrolysis constants K (in a given medium) are defined by the following equation:

K= [Me(OH)x*"]-[H']1[Me"],

where x indicates the stepwise hydrolysis reaction.

The above model is suitable for description of the pH-dependent dissolution of the substances
consisting of elements whose oxidation state does not change upon dissolution 8. According to
the available Pourbaix diagram for cerium, at pH<7, the predominant cerium species in solutions is
Ce(l11) % To verify this experimentally, XANES at the Ce-Ls-edge was used to analyze cerium
oxidation states in the supernatant solution. Because of the limitations of this technique, only Ce
concentrations higher that 10* M could be studied. Figure 5 shows experimental spectra for Ce-
containing supernatant solutions at different pH values, together with reference spectra of Ce(lll)
and Ce(1V) compounds. The energy values and overall shape of the spectra provide strong evidence

that Ce(l11) isthe only species existing in the solution under the chosen experimental conditions.
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Figure 5. Ce-Ls-edge XANES spectra collected from supernatant solutions and standard samples

(cerium(111) nitrate and cerium dioxide nanoparticles).

Based on these results, the reductive dissolution model was proposed for describing experimental
data from 2 < pH < 7. This model has been widely discussed in the literature, and observed for
different compounds™®. When the reduced form of a substance is thermodynamically stable, the
redox reaction proceeds through interaction with the agueous medium. In this case, water acts as a
reducing agent. Such a process is typical for iron®®, lead®™ and plutonium®” compounds.

Since Ce(I1) is thermodynamicaly stable in the acidic pH region, and there is no additional
reducing agent in the system, the solubility process can be described by the following equation:

CeO, + € +4H" 5 Ce* + 2H,0 (3)

with logK ceoices+ = log[Ce®'] + pe + 4pH

The total cerium concentration in the solution is the sum of the concentrations of Ce* and its
hydrolysis products:

[Ce(l1D]oa = [Ce™] + [CEOH™] + [Ce(OH)2"] + [Ce(OH)3]
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Upon fitting the experimental data obtained in the acidic pH-region (where solubility behaviour is
afunction of pH), with known hydrolysis constants (Table 1) for Ce(l11) * and experimental pe +
pH values, the equilibrium constant for reductive dissolution reaction was established: 0gK ceoz/ces+
=-25.8 = 0.3. It should be noted that this value describes both linear segments at 2 < pH < 7: the
segment with -0.5 slope (pe + 3.5pH = 27.5), and the segment with -2.0 slope (pe + pH = 16)
(Figure 6, green line).

Combining equations (3)-(5) with the equilibrium constants for the ionic product of water (logK,,

=13.9) and for the Ce(IV)/Ce(l11) redox couple (logKceqvyiceiny = 21.9):

H2O SH™ + OH’ (4)
Ce" +e 5 Ce* (5)
yields:

CeO; + 2H,0 5 Ce™ + 40H (6)

Hence, the experimental solubility product constant was calculated using the linear equation:

logKsp = l0gK ceozices+ + 4-10gKw - 0gK ceqvyicein, (7)

and was found to be -59.3 + 0.3. The value of the constant agrees well with theoretically estimated
CeO; solubility product constant logKg, = -60 .

The experimental solubility behaviour of CeO, in neutral and alkaline media (7 < pH < 12) is
mostly pH independent. This can indicate that Ce(OH)4(aq) is a predominant cerium form in
solution, under given conditions. The equilibrium between the solid and liquid phase can be
described by the following reaction:

CeO; + 2H,0 5 Ce(OH)4(aq) (8)

The curve representing the results of modeling using the determined value of logKs, and the
values of the hydrolysis constants (see Table 1) is shown in Figure 6 (red line), along with the

corresponding experimental data.
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Table 1. Standard Ce(I11) and Ce(1V) hydrolysis constants used to calcul ate ceria solubility

Reaction logKx Reference
Ce®* + H,0 5 CeOH* + H* -8,41+0,08 ®
Ce™ + 2H,0 5 Ce(OH)," + 2H" -17,60=0,24 *
Ce™ + 3H,0 S Ce(OH)s(aq) + 3H" -27,23+1,19 *
Ce”™ +H,05 CeOH™ +H* 0,764 100
Ce"" + 2H,0 5 Ce(OH),** + 2H* 0,048 100
Ce” +3H,0 5 Ce(OH)s™+ 3H* -1,485 10
Ce™ + 4H,0 5 Ce(OH)4(aq) + 4H* -4,124 100

Ce(lll)
calculated for

-4 4
Ce(lll)
oy \ calculated for
1 pe+pH=16
(o))
S 64

pH
Figure 6. Experimenta data for CeO, solubility in 0.01M NaClO,, along with theoretical modeling.

The green line corresponds to reductive dissolution (calculated using logK ceoces+=-25.8 + 0.3); the

red line corresponds to non-redox dissolution (calculated using logKsp = -59.3 £ 0.3).

Resulting from the difference in the Gibbs energy values for hydrated surface ions and the ions in
the bulk of the particle, the molar Gibbs energy of formation depends strongly on particle size. This
phenomenon is especially significant for particles of less than 10 nm in size. According to the

Schindler equation®, the difference between the standard molar Gibbs energies of small
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nanocrystalline particles (A:G°m(NP)) and bulk crystals of the same compound (A:G°m(bulk)) could
be written as follows:
AG°m(NP) = AiG°m(bulk) + 2/3yS, 9)
where Sis the surface area per mole of solid and y stands for the free surface energy per surface
area of the solid-liquid interface (interfacial tension). The y component is directly proportional to the

). The S component directly relates

InK'sp value for the bulk compound; (for more details, see ref.
to particle diameter (d) and geometric factor (o), which depends on the shape of the particles:

S=M*al/(p*d). (10)

Here, M is the molecular weight and p the density of the solid.

Thus, any changes in the form factor of the ceria nanoparticles should, notably, affect their
solubility. It can be supposed that formation of ceria nanorods in neutral and alkaline media causes
an additional decrease in the solubility of ceria.

Ceria nanoparticles readily participate in redox processes involving reactive oxygen species
(ROS)*3. According to existing data, anti- and pro-oxidant activity of CeO, depends on non-
stoichiometry of this material, (particularly non-stoichiometry caused by decreasing the particle

%629 and on pH >33, Such behaviour of CeO, currently remains poorly explained, while it is of

Size)
great importance for biomedical applications of ceria, e.g. in cancer treatment. For example, Perez et
al. * showed that CeO, nanoparticles are able to scavenge reactive oxygen species under neutral and
akaline pHs (pH > 7), but they are practically inactive against these species in acidic solutions.
Similar results were reported later by Wason at al.*. It is well known that the cellular cancer

101103 "pH values

environment is acidic in comparison with the neutral environment of normal cells
for normal tissues typically lie in the range of 7.2 — 7.6, while for tumours they are in the range of

5.6 — 7.6'. It is expected that CeO, nanoparticles could selectively protect normal cells from
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oxidative stress, while promoting the formation of reactive oxygen species (e.g. hydrogen peroxide)
in malignant cells.

The data obtained in the present work indicate that pH-dependent ceria activity is closely related
to ceria dissolution. At pH < 7, the pro-oxidant activity of cerium dioxide can be attributed to
reductive ceria dissolution, as described above. In the course of acidic dissolution, CeO, can even
oxidize water. Conversely, according to the thermodynamic model developed and described in this
paper, at pH > 7, Ce(OH) 4 IS the only cerium species in solution. No redox reactions occur under
these conditions and solubility of ceriais very low (within the range 10" - 10®M). ROS scavenging
may occur only by their interaction with non-stoichiometric cerium oxide.

CONCLUSIONS

In this paper, we have established the experimental solubility curve for nanocrystalline cerium
dioxide, using radiotracer and ICP-MS techniques. Using thermodynamic modeling, the solubility
product constant was determined to be logKs, = -59.3 + 0.3 under the selected conditions. This Kg,
value fits experimental data successfully in all pH regions, taking into account the concept of CeO,
reductive dissolution.

SUPPOROTING INFORMATION
Kinetics of CeO, dissolution at different pHs and ceria concentrations;, comparison of ceria

solubility data at different times of equilibration; experimental SAXS data and fitting for ceria
suspension; XPS spectra of nanosized CeO,; TEM images of ceria nanoparticles after equilibration
for 1 month at different pHs, CeO, particles size distributions in 0.01M NaClO, at different pHs
measured by DL S technique; the interplanar distances for CeO, calculated from ED. This material is

available free of charge viathe Internet at http://pubs.acs.org/.
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