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ABSTRACT A comparative study of the redox behaviour of nanocrystalline isostructural ACe»(POy)3 (A = NH,
K™, Rb™) double ceric phosphates was performed. It has been established that with respect to alkylperoxyl
radicals or hydrogen peroxide as reactive oxygen species, all the double ceric phosphates acted as antioxi-
dants or prooxidants, respectively. The antioxidant activity towards alkylperoxyl radicals was found to be the
higher for the phosphates containing potassium or rubidium. Notably, for KCe;(PO,)3 and RbCes(PO4)3 an
inverse dependence of catalytic activity on concentration in the reaction with H,O, was found, in contrast to
NH,Ces(POy)s. The redox behaviour of nanoscale cerium dioxide used for comparison was similar to that of
ammonium ceric phosphate, but significantly lower in absolute values. This was explained by the suppressive
effect of phosphate anions presented in the buffer solutions.
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1. Introduction

Inorganic phosphates comprise both natural and synthetic compounds. They exist in the form of minerals [1], con-
stitute the basis of mammalian bone tissue [2], and are utilized as luminophores [3], ceramics [4, 5], ionic conductors [6],
etc. Nowadays, over 200 structural types of inorganic phosphates are known [7]. This crystallochemical diversity arises
from a large number of cations that can bind with phosphate tetrahedra in different ways, as well as the ability to substitute
or incorporate other anions and molecules (such as HO) into the structure [8].

Several studies have been devoted to investigating the influence of cation composition on the functional properties of
isostructural compounds [9-13], including inorganic phosphates. In particular, Gautier et al. [14] demonstrated an increase
in the second harmonic generation response values for compounds with the composition A(VO3)2(PO,4)-3H20 (where A
=RbT, NH;L|r and K1). Zhen et al. [15] found the different thermal expansion behavior of isostructural AZro(POy)s, A
=Na', K*, Rb", Cs™. In a similar series, Sukhanov et al. [16] observed a decrease in catalytic activity for methanol
dehydration in the order NaZro(POy4)s >KZry(POy)s >CsZra(POy4)s >RbZra(PO,)s. Patkare et al. [17] evaluated the
adsorption capacity for uranyl ions from aqueous solutions for a series of isostructural double thorium phosphates, finding
the following trend: RbTho(POy4)3 <CsTha(PO4)s <KTha(POy)s.

Despite the extensive knowledge of compounds with the general formula AM.Y (PO,)3 (where A = Li—-Cs and M =
Ti, Zr, Hf or Th, U, Np, Pu), it has not been possible until recently to establish similar composition—structure—property
relationships for the M = Ce’"" series. This limitation existed due to a lack of information on even one complete structural
series of double ceric phosphates. Only in 2025 were the data on the synthesis of RbCes(PO,4)s [18] reported; this
compound turned out to be isostructural with two previously known analogues, NH,Ce2(PO,4)s [19] and KCes(POy4)3
[20].
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It is known that ceric compounds, primarily nanocrystalline CeOs, can act as efficient inorganic nanozymes [21-23].
At the same time, cerium(IV) phosphates, owing to their biocompatibility and expected stability in biological environ-
ments [24], are equally important to investigate with regard to their biological behavior. So, this study presents the first
comparative analysis of the radical-scavenging ability and redox activity of nanoscale isostructural ceric phosphates with
the composition ACeo(PO4)s (A = NH;, K*, Rb™).

2. Experimental Section

The following materials were used as received, without further purification: Ce(NOj3)2-6H2O (pure grade, Lanhit
Russia), potassium hydroxide (pure grade, Sigma Aldrich), rubidium hydroxide (pure grade, Novosibirsk Rare Metals
Plant, Russia), aqueous ammonia (25 wt.%, extra-pure grade, Khimmed Russia), phosphoric acid (85 wt.% aq, extra-pure
grade, Komponent-Reaktiv, Russia), isopropanol (extra-pure grade, Khimmed Russia), 2,2’-azobis(2-amidinopropane)
dihydrochloride (Sigma, #440914), luminol (Sigma, #123072), hydrogen peroxide (extra-pure grade, Khimmed Russia),
distilled water.

Previously, using NH,Ce2(PO,4)3 and KCes(POy4)3 [25], we developed a synthetic approach to obtain these com-
pounds in a nanoscale state. In the present study, we have accordingly adapted this method to synthesize RbCeéV(PO4)3.
First, nanocrystalline (4-5 nm) cerium dioxide (0.100 g) obtained by precipitation from Ce(NOj3)s aqueous solution was
dissolved in concentrated phosphoric acid (5 ml) at 80°C. The cooled solution was placed into an ultrasonic bath Bandelin
Sonorex Longlife RK 1050 for 30 min, and then mixed with 35 ml of 1 M KOH, NH,OH or RbOH aqueous solutions.
The obtained gels (~40 mL) were sonicated using Bandelin Sonopuls HD 3200 homogenizer equipped with titanium
horn (TT-13 titanium tip) operated at 20 kHz (amplitude 20%) for 1 h. The resulting suspensions were placed in 100 ml
Teflon autoclaves and treated under hydrothermal-microwave (HTMW) conditions at 180°C for 1 h. After cooling the
autoclaves, the precipitates were repeatedly washed using distilled water and dried at 60°C in air.

Powder X-ray diffraction (PXRD) patterns were acquired with a DX-2700BH (Haoyuan, China) diffractometer, us-
ing Cu K, 2 radiation in the 26 range of 5°-80° with 0.02° 26 steps and a counting time of no less than 1 s per step.
The full-profile analysis of diffraction patterns was performed using the Rietveld method realized in the MAUD soft-
ware (version 2.99) [26]. The diffraction peak profiles were fitted using a pseudo-Voigt function. The sizes of coherent
scattering domains (crystallite sizes) and particle anisotropy were estimated using the Lorentzian component of peak
broadening and the approach proposed by Popa [27]. For all samples, the crystallite sizes along the (001) direction and in
the perpendicular direction were calculated.

Scanning electron microscopy (SEM) images were obtained using an Amber GMH (Tescan, Czech Republic) mi-
croscope operated at an accelerating voltage of 5 kV using a secondary electron (Everhart-Thornley) detector. Energy-
dispersive X-ray spectroscopy (EDX) was performed using an Ultim Max 100 (Oxford Instruments, UK) detector at an
accelerating voltage of 20 kV. Particle size was determined from SEM data using Gwyddion software. To account for
anisotropy, the dimensions of each particle were measured in two perpendicular directions. The particle sizes were fitted
by a lognormal distribution function.

Analysis of double ceric phosphates redox behaviour in relation to alkylperoxyl radicals or hydrogen peroxide was
conducted by chemiluminescent method [28]. Nanocrystalline cerium dioxide powder which was used for the synthesis
of double ceric phosphates (see above) was analysed as a control. Directly before the measurements, suspensions of the
materials under study were prepared with a concentration of 0.01 M. For this purpose, the powders were dispersed in 5 ml
of deionized water and sonicated for 10 min.

Alkylperoxyl radicals were generated by the thermal decomposition of 2,2’-azobis(2-amidinopropane) dihydrochlo-
ride (AAPH). For this, 2.5 uM AAPH and 2.0 M luminol were added to a cuvette containing 100 mM phosphate buffer
solution (pH 7.4, 37°C). In experiments with HyO5, a reaction mixture of phosphate buffer (100 mM, pH 7.4), hydrogen
peroxide (10 mM) and luminol (50 pM) was used. The baseline chemiluminescence signal was monitored for 60-90 s.
Upon stabilization of the chemiluminescent signal, the aliquot of ceric phosphate or ceria aqueous dispersion was added.

Detection of the chemiluminescence signal was carried out using a DISoft (Russia) Lum-1200 instrument equipped
with 12 detection channels. The experiments were performed with three replicates for each sample. The results were
processed using PowerGraph software (version 3.3).

3. Results and discussion

The isostructural nature of the compounds obtained was confirmed by X-ray phase analysis (Fig. 1). The calculated
unit cell parameters for the synthesised double ceric phosphates are given in Table 1 and agree well with previously
reported data [18-20]. From the data presented in Table 1 it follows that an increase in the cation size (KT <N HZ <Rb™
[14, 29, 30]) results in the expansion of the volumes of the corresponding unit cells due to the increase in the a and b
parameter values. The crystallite sizes calculated in two crystallographic directions were found to be less than 100 nm
(Table 1), with the smallest value for the RbCes(PO,)3 phase, and the largest for the NH4Ceo(PO,4)3 phase. Scanning
electron microscopy images confirm particle anisotropy, and the particle sizes were found to be close to the XRD data
(Fig. 2). The chemical composition was confirmed by EDX analysis.
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F1G. 1. Powder X-ray diffraction patterns of the products of HTMW treatment of ceric phosphate
gels formed upon the addition of 1 M KOH (a), NH;OH (b) or RbOH (c) aqueous solutions to ceric
phosphate solutions. The corresponding Bragg peak positions for ACez(POy)3 (A = NH;, K*, Rb™)
are shown below

TABLE 1. Structural parameters and crystallite sizes for the products of HTMW treatment of ceric
phosphate gels formed upon the addition of 1 M KOH, NH,OH or RbOH to ceric phosphate solutions

Sample KCeP NCeP RbCeP

1 M KOH aqueous | 1 M NH,OH aqueous | 1 M RbOH aqueous

Precipitating agent

B = 102.292(3)°

B = 102.794(3)°

solution solution solution
Phase composition KCey(POy)3 NH4Ces(POy)3 RbCes(POy4)3
S.G. C2/c S.G. C2/c S.G. C2/c
a=17.3764(8) A | a=17.4749(7) A a=17.502(1) A
Lattice parameters | b = 6.7316(3) A b=6.7711(3) A b= 6.7804(6) A
c=7.9700(4) A c=17.9988(3) A c=17.9867(7) A

B = 102.847(5)°

Crystallite size,

nm

(D)oo1 =60+ 3
(D)110 =70+3

<D>001 =110+£5
(D)110 =78 + 2

(D)oo = 28 £ 2
(D)110 = 36 £ 3

The redox behaviour of the synthesized isostructural compounds was evaluated in model systems. Experiments were
based on monitoring the chemiluminescence intensity from the oxidation of luminol by alkylperoxyl radicals (ROOe) or
hydrogen peroxide decomposition products.

In the first assay, introducing the samples into a reaction solution resulted in a decrease in luminol-dependent chemi-
luminescence compared to the control (Fig. 3). The degree of chemiluminescence inhibition varied among the samples,
reflecting their different radical-scavenging capacities (Fig. 3a). Overall, the observed kinetic profiles are characteristic of
long-acting antioxidants that scavenge free radicals at a relatively low rate [31].

To quantitatively evaluate the radical-scavenging properties of the nanoscale NH;Ce2(POy4)3, KCe2(POy)3 and
RbCey(POy4)3 samples, the areas of the luminescence suppression region (Scr, a.u.) were calculated. This parameter
is proportional to the number of the scavenged radicals and reflects the antioxidant capacity of a material (Fig. 3b).The
KCey(POy4)s and RbCes(PO4)3 samples showed the most pronounced antioxidant activity against organic radicals com-
pared to the ammonium-containing analogue. This difference is likely attributable to the smaller particle size of the
potassium and rubidium ceric phosphates, which leads to a higher concentration of surface-active sites (e.g., Ce3*/Ce?™
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ratio, oxygen vacancies and hydroxyl groups) [32-35] available for interaction with the components of the studied mix-
ture, including free radicals. Nanocrystalline cerium dioxide (4-5 nm) demonstrated the weakest antioxidant effect, in
contrast to the ceric phosphate suspensions. Since chemiluminescence was recorded under physiologically relevant con-
ditions (100 mM PBS, pH 7.4), this result aligns with literature reports on the inhibitory effect of phosphate ions on CeO4
activity. Inorganic phosphates and phosphate-containing molecules, which are abundant in biological environments, are
known to adsorb onto the surface of ceria nanoparticles and significantly suppress their catalytic properties [36-38].

Fig. 4 shows chemiluminograms obtained by adding suspensions of double ceric phosphates or cerium dioxide to a
reaction mixture containing HoO> and luminol (pH 7.4, phosphate buffer solution).
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FIG. 4. a) Chemiluminograms characterising prooxidant activity of the of CeOs, NH4Ceo(POy)s,
KCe2(POy4)3 and RbCey(PO4)s (800 uM); b) light sums (S) as a function of ceric samples concen-
trations

Upon addition of the studied samples, a sharp, exponentially decaying increase in luminol-dependent chemilumi-
nescence was observed (Fig. 4a). This luminescence burst, caused by the generation of reactive oxygen species (ROS),
indicates the prooxidant properties of the compounds, consistent with data reported for other ceria-based nanomateri-
als [39,40]. Notably, the samples exhibit two distinct types of chemiluminescence kinetics: CeOy and NH4Ceo(PO4)s
show a sharp exponential decay whereas RbCes(PO4)3 and KCeo (PO, )3 produce flatter curves. The flatter profiles for the
rubidium and potassium ceric phosphates likely result from their lower reaction rate with hydrogen peroxide compared to
CCOQ and NH4CCQ(PO4)3.

For the quantitative assessment of prooxidant properties, we used the integral area under the chemiluminescence
curve (S) over a selected 5-minute period. This value is proportional to the amount of ROS generated. The data in
Fig. 4b show a dose-dependent increase in chemiluminescence for CeO2 and NH4Ces(PO4)3 nanoparticles. In contrast,
the RbCey(POy4)3 and KCeo(PO,4)s samples exhibited a decrease in prooxidant activity with increasing suspensions con-
centration. This inverse relationship between prooxidant activity and nanoparticle concentration is unusual. The most
probable reasons for this behavior, found in isolated examples from the literature, include the aggregation of nanoparti-
cles, leading to a decrease in the number of available surface-active sites [41], or ROS scavenging at high concentrations
of compounds [42—44]. The first explanation is unlikely, as such a reversible concentration-dependent relationship was
not observed in experiments with alkylperoxyl radicals. Therefore, we hypothesize that for potassium and rubidium ceric
phosphates, an increase in concentration promotes the scavenging of reactive oxygen species, which competes with the
decomposition of HyOs.

Thus, using two model systems, we have demonstrated for the first time the difference in redox behavior between
NH,4Ce2(PO4)3 and its isostructural potassium or rubidium analogues. Although the precise reasons for their different
redox activities cannot yet be definitively established, they are likely related to the cation type (NH;L|r or K*,Rb™) [45,46].
Several studies have demonstrated differences in the physicochemical properties of isostructural compounds containing
ammonium or alkali metal cations. For instance, it was shown that NH4ZnsBO3Cls exhibits superior nonlinear optical
properties compared to its KZns BO3Cls or RbZnsBO3Cl, analogues, attributed to a higher interlayer binding energy [47].
In another study, Johnson [48] calculated the solubility of ammonium perrhenate (H4ReOy4) to be considerably greater
than that of the potassium and rubidium salts (0.274, 0.0410, and 0.037 mol/kg, respectively). It is also necessary to
pay attention to the different thermal behavior of NH4Cey(POy4)3 compared to KCeo(PO4)s and RbCey(POy)s. Thus,
during the thermolysis of NH4Ces(PO,4)s, only CePO,4 formation and NO release were observed, presumably due to the
oxidation of ammonia by redox active species, such as ceric cations [19]. In contrast, the thermolysis of the potassium and
rubidium analogues leads to the crystallization of monazite (CePQ,) alongside KPO3 [20] or RbPOj3 [18] polyphosphates,
respectively.
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The results obtained in this study indicate that nanocrystalline double ceric phosphates ACe»(PO,)3 (A = NH;, K+,
Rb™) exhibit dual concentration-dependent antioxidant/prooxidant behaviour. These findings provide a starting point
for further in-depth study of ceric phosphates redox activity, which could contribute to developing new approaches for
preventing and treating diseases associated with oxidative stress [49,50].

4. Conclusions

This study represents the first comparative analysis of the redox activity of isostructural double ceric phosphates,
containing a monovalent cation. Compounds with the general composition ACeéV(PO4)3 (A=NH], K", Rb") and par-
ticle sizes less than 100 nm were successfully synthesized under hydrothermal-microwave treatment. Chemiluminescence
analysis using two model test systems demonstrated that the nature of the second cation in the studied ceric phosphates
significantly influences their redox properties. Specifically, suppression of chemiluminescence induced by alkylperoxyl
radicals was found to be more pronounced for potassium and rubidium ceric phosphates than for their ammonium coun-
terpart. A qualitative difference in the behavior of the studied compounds was observed in the chemiluminescent reaction
of HoO5 catalytic decomposition. Thus, NH,Ce2(PO,4)3 demonstrated an increase in prooxidant activity with concentra-
tion growth, while KCey(PO4)3 and RbCes(PO4)3 showed an unusual inverse dose-response relationship. These results
highlight the important role of the cation composition in modulating the biochemical properties of cerium-containing
nanomaterials, expanding the potential for their use as controlled pro-/antioxidant agents.
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