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Dispersion of thulium-yttria nanoparticles to build up smart structures 
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A B S T R A C T   

The development of new materials for radiation dosimetry is a challenge to assure quality improvement practices 
related to radiation protection concept. On this context, colloidal stability provides conditions to build up smart 
structured materials from bottom-up perspective. The present work reports zeta potential characterization of 
thulium-yttria nanoparticles in aqueous medium. Thulium-yttria nanoparticles formed by a relative low tem-
perature hydrotermal synthesis were characterized by XRD, PCS, and SEM. The stability of particles in aqueous 
medium was evaluated by electrophoretic mobility measurements, followed by zeta potential calculation. The 
results revealed that the isoelectric point of thulium-yttria suspensions shifted in accordance with thulium 
concentration from pH 8.5 (“pure” yttria) to pH 9.2 (2at.%Tm). Besides, most suspensions could be stabilized at 
pH 10.5, presenting zeta potential values around 30 mV. These results are substantial parameters to advance 
toward new materials for radiation dosimetry.   

1. Introduction 

The research for new materials for radiation dosimetry is a key issue, 
which aims to improve quality-safety of all procedures in which ionizing 
radition is used [1]. Rare earth (RE) oxides are promising materials to 
enhance the protection of humans against the detrimental effects of 
ionizing radiation. 

Yttria which synonym is yttrium oxide (Y2O3) is one of the most 
important RE sesquioxides due to mechanical, thermal and spectro-
scopic properties, covering a wide range of applications as, biomaterials 
[2], gas burners [3], sintering aids [4], membranes [5], catalysts [6], 
capacitors [7], thermal coatings [8], structural reinforcement [9], and 
luminescent devices [10]. Moreover, yttria exhibits as crystalographic 
characteristics cubic C-type structure at environmetal pressure, two 
points of symmetry (S6, C3i) and C2, and large vacancies of Y and O 
[11–13]. For instance, these vacancies enable the insertion of additional 
rare earth elements into its lattice. Thus, yttria is addressed as host 
material for other RE ions such as Nd [14], Ce [15], Er [16], and Yb [17]. 

The remarkable effect of thulium (Tm) as activator of ceramic/ 
glasses have been reported [18–22]. The purpouse of using thulium as 
activator of yttria consistis in the fact that the electronic levels of 
thulium ions can interact with energy leves of yttria, enhancing yttria 
characteristics for radiation dosimetry. Santos et al. [21] reported that 
dosimetric characteristics of yttria were remarlably improved by doping 
with 2at.% Eu (at.%, atomic percentage). The results revealed that 

samples exhibited electron paramagnetic response with linear behaviour 
during a dose range from 0.001 up to 50kGy. 

In ceramic processing based on colloidal suspensions, the control of 
interparticle interactions is essential to produce ceramic materials and 
components with suitable properties. Stable suspensions usually provide 
dense powder compacts after shaping, and homogeneous microstructure 
as sintered. On the other hand, instable suspensions provide bodies with 
heterogeneities as cracks, surface inconsistences, asymmetries, and un-
desired microstructure. Therefore, the final properties of ceramic body 
rely on particle stability. This stability can be evaluated by measuring 
electrophoretic mobility of particles (μe), followed by zeta potential (ζ) 
calculation. 

There are few works on colloidal dispersion of rare earth based 
materials. Recently our group reported a complete study on colloidal 
processing of yttria particles to produce ceramic nettings for gas lighting 
[23], as well as a review on colloidal processing of rare earths [24]. 
Besides, an approach to form yttria and europium-yttria micro rods by 
bio-prototyping were reported [25,26]. Therefore, there is a wide field 
for investigation on colloidal stability of yttria based nanoparticles. 

This work reports a study on stability of thulium-yttria nanoparticles 
in aqueous medium, by measurements of electrophoretic mobility of 
particles, followed by zeta potential calculation. These stability pa-
rameters will be subsidies to advance toward new dosimetric materials 
based on thulium-yttria nanoparticles. 
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2. materials and methods 

Cubic C-type thulium-yttria powders (Tm:Y2O3) were used as start-
ing material. Stoichiometry synthesis of Tm:Y2O3 powders with up to 
2at%.Tm (atomic percentage) was performed by hydrothermal process, 
in which a precursor gel was stirred at 60 ◦C for 6 h into a condenser 
system in order to keep the volume of suspension constant. The as 
synthesized powders were thermall treated at 1100 ◦C for 2 h, in air 
atmosphere in order to form crystalline samples (Lindberg Blue, Haake). 
The great advantage of this method consists in producing nanoparticles 
with controlled characteristics as size, shape, and stoichiometric 
composition, and using environmental pressure. Details on hydrother-
mal method used is reported in our recent work [27]. 

As synthesized Tm:Y2O3 powders were characterized by X-ray 
diffraction (XRD, Rigaku Multiflex, Japan), with an angular range (2θ) 
from 15 to 70◦, scanning of 0.5◦. min− 1 and Kα source, in which crys-
tallite size was calculate from Scherrer formula Eq.(1) [28], and based 
on the measurement of full-width at half-maximum (FWHM) values in 
the corresponding XRD pattern; Photon Correlation Spectroscopy (PCS, 
Litesizer500, Anton Paar), in which mean diameter (d50) was calculated 
according to Eq.(2) [29]; helium pycnometric (Pycnometer Micro-
metrics 1330) to evaluate real density; Scanning Electron Microscopy 
(SEM, TM3000, Hitachi) to observe particle morphology and size; and 
stability of particles in aqueous medium by electrophoretic mobility 
measurements (μe) in room temperature (20 ◦C), followed by zeta po-
tential calculation (ζ) based on Smoluchowski limit Eq.(3) [30,31]. To 
perform stability evaluation stock suspensions with 0.5 g L− 1 of solids, 
1 mM NaCl (58.54 g.Mol− 1, Merck) as indifferent electrolyte (which 
constituents are not electroactive on the range of applied potentials) 
[32], and HCl and KOH solutions were used. 

dc =

(
0.9λ

βcosθ

)

[nm] (1)  

d50 =

(
KBT

3πη(T)Dt

)

[nm] (2)  

Where, KBT is Boltzmann constant (1.38064852.10− 23 m2. kg. s-2.  K-1), T 
is temperature (K), η(T) is viscosity of the suspending liquid and, Dt is 

particle diffusion coefficient. 

ζ =
(μe.η

ε

)
[mV] (3)  

Where ε is permittivity of liquid (J.V− 2 m); η is the viscosity of liquid 
(cP); μe is the electrophoretic mobility of particles (μ.s− 1.V− 1cm). 

3. Results and discussion 

Ceramic processing consists in a set of procedures in which powder 
manipulation is predominant. In addition, powder characteristics in-
fluence directly on further processing steps. As yttria exhibits lattice 
features that enable doping it with other rare earth ions as thulium 
(Tm3+), new materials with improved characteristics can be produced. 
Y2O3 and Tm2O3 exhibits the same crystal lattice and quite similar 
atomic radius 1.80 Å and 1.75 Å, respectively [33]. Doping Y2O3 with 
Tm3+ provides substitution of Y3+ by Tm3+ in C2 and S6 sites with no 
significant distortion of crystal lattice. 

XRD curves of thulium-yttria powders hydrothermally synthesized 
are illustrated in Fig.1a. As synthesized powders exhibited amorphous 
structure, in which a short range peak was recorded around 30◦ (2θ). On 
the other hand, samples treated at 1100 ◦C for 2 h presented cubic C- 
type structure, with three high intensity peaks recorded at 30.0º (222); 
48.6◦ (440); 58.1◦ (622), and corresponding to Powder Diffraction File 
(PDF. 25–101). As reported in our recent investigations [24,25], crys-
talline yttria powders were formed using thermal treatment over 800 ◦C, 
in which uniform and crystalline particles were obtained around 
1000− 1100 ◦C. Moreover, Tolstikova et al. [34] and Lojpur et al. [35] 
reported that the thermal treatment at 1100 ◦C for 2 h provided crys-
talline particles of neodymium-yttria and ytterbium/erbium-yttria, 
respectively. 

Rare earth sesquioxides (RE2O3) can present one of the following 
forms, A, B, C, X, and H, as shown in Fig. 1b. The C-type form presents 
cubic lattice, being the most favourable structure to be formed under 
environmental pressure and is stable at high temperature. For instance, 
from Er to Lu C-type form is stable over 2000 ◦C. The A-type presents 
hexagonal structure, whereas B-type is monoclinic. Just below the 
melting point the last two high temperature forms are situated. X-type 

Fig. 1. (a) XRD curves of thulium-yttria powders formed by hydrothermal synthesis, and followed by thermal treatment at 1000 ◦C for 2 h in room atmosphere; (b) 
Phase formation diagram of the main rare earth oxides as a function of temperature; and (c) illustration of a crystal cluster from cubic C-type lattice – dark spheres 
mean oxygen (O) atoms, gray spheres yttrium (Y) atoms and the light sphere means Tm atom (dopant). 
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presents hexagonal structure, while H-type is cubic. However, poly-
morphism of sesquioxides (including Y and Sc) have been reported 
under high pressure and temperature [36–38]. 

The incorporation of thulium ions into yttria lattice provides light 
rearrangement of yttria structure, seeing that Tm and Y presents similar 
ionic radius 175 pm and 180 pm, respectively [33]. Therefore, the pro-
cess of Tm3+ incorporation is characteristically substitutive, as a result 
none secondary phase peaks were observed (Fig.1a). Tm3+ ion replaces 
Y ion in C2 and S6 sites with no significant distortion of crystal lattice as 
shown in Fig.1c. 

Particle size and shape of thulium-ytrria powders with up to 2at.% 
Tm treated at 1100 ◦C for 2 h are illustrated in Fig. 2. The hydrothermal 
method provided ceramic particles in nano sized range (Fig.1a), in 
which the mean diameter (d50) exhibited slight increase as a function of 
thulium concentration from 97 nm for 0.1at%Tm up to 156 nm for 2at% 
Tm. For crystallite size (dc) no quite significant changes were observed. 

As listed in Tab. 1, all samples presented moderate polydispersity 
distribution, seeing that polydispersity index (PDI) was less than 0.27, 
span (S, d90-d10) was inferior than 200 nm, as well as relative span (RS, 
S/d50) is less than 2.0. As much as RS value is near to 1.0 (unity), it 
means that the particle size distribution is near to the unitary particle. 
Considering that thulium (Tm) presents almost twice the molar mass of 
yttrium (Y) 168.9 g.Mol− 1 and 88.91 g.Mol− 1 respectively, its incorpo-
ration into yttria lattice provided increase in pycnometric density from 
4.94 g.cm-3 up to 5.81 g.cm-3. In our previous studies nanoparticles with 
mono modal distribution were prepared as, ß-yttrium disilicate [38] 
(ß-Y2Si2O7) with d50 of 185 nm, ß-dysprosium doped yttrium disilicate 
[39] (ß-Y2Si2O7:Dy) with d50 of 242 nm, and cubic C-type europium 
doped yttria [25] (Y2O3:Eu) with d50 of 576 nm. 

As shown in Fig. 2b, all powder compositions (from b to g) presented 
the same morphology, consisting in agglomerates of rounded particles. 
Particles in nano sized range provide substantial conditions to innovate 
toward new materials for radiation dosimetry, once formation of the 
material begins from bottom-up scale. By suitable dispersion of nano-
particles dense compacts can be formed during shaping process, seeing 
that nanosized and uniform particulates enable high packed particles. 
Besides, after thermal treatment dense compacts usually exhibit 
controlled shape and size, dense microstructure (without detrimental 
defects), and suitable mechanical strength. Based on this concept, our 
group reported some studies on colloidal processing of rare earths in 
which ceramic components with controlled characteristics as shape, size 
and microstructure were formed as ß-yttrium disilicate [38] and 
ß-Y2Si2O7:Dy [39] biomorphic burners, and Y2O3 nettings for gas 

lighting [22], and Y2O3:Eu micro rods [25] for radiation dosimetry. 
During processing ceramic powders are under distinct procedures as 

mixing, comminution, and filtration in order to adequate their surface 
characteristics for further processing steps. Shaping processes from 
ceramic powders are usually performed by suspensions, and their flow 
behavior relies on particle characteristics, liquid medium in which they 
are immersed, and the interface between them. 

In Fig. 3 are illustrated zeta potential curves of thulium-yttria sus-
pensions prepared with 0.05 vol% particles, and 1 mM NaCl. The 
instability range for yttria suspensions, which means that ζ is inferior 
than |20 mV|, was from pH 7.1–9.7 - stages II and III. These stages 
represent the predominance of attraction forces in which weak and 
strong flocculated states take place, as illustrated in Fig. 3. In the weak 
flocculation state, particles form flocs in suspension at volume fractions 
below the gel point (Φ < Φgel) or a particle network at higher volume 
fractions (Φ ≥ Φgel) with at least a minimum equilibrium separation 
(secondary minimum). On the other hand, in strong flocculation state 
particles form a particulate network, or individual clusters (primary 
minimum) [40]. Even that yttria exhibited significant zeta potential 
values in acid pH range it was not considered (stage I), seeing that in pH 
range below 5.5 rare earths present solubility as reported previously by 
Sprycha et al. [41]. High stability was observed at pH 10.5 with ζ of 
-34.56 mV (stage IV), being in agreement with our recent investigation 

Fig. 2. Particle size and morphology of thulium-yttria nanoparticles with up to 2at.%Tm treated at 1100 ◦C for 2 h: (a) mean particle size; (b-g) SEM images.  

Fig. 3. Zeta potential curves of thulium-yttria suspensions as a function of pH.  
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[22] on yttria nanoparticles with d50 131.8 nm. 
Colloidal stability is governed by a sum of interparticle potential 

energies (Vc) which comprehends the following potential energies: van 
der Waals interactions (VW), repulsive from electrostatic interactions 
(Ve), repulsive from steric interactions (Vs), structural interactions from 
non adsorbed species in solution that can increase or decrease suspen-
sion stability (Vt). Therefore, to stabilize colloidal suspensions (Fig. 4, 
stages I and IV) the conditions of liquid medium in which they will be 
immersed should be adjusted in order to provide high repulsive inter- 
particle interactions in detrimental of those attractive ones. 

Doping yttria with thulium was effective on shifting IEP of yttria 
from pH 9.2 (“pure yttria”) to pH 8.5 (2at.%Tm), as illustrated in Fig.3. 
The advantage of shifting IEP is to make larger the pH range in which 

particles become stabilized. Considering that stable suspensions can be 
prepared by setting pH far from IEP, the results reveal that most of 
thulium-yttria compositions can be stabilized at pH around 10.5–11.0 
(stage IV). In contrast, thulium-yttria compositions with 0.5 and 2.0at.% 
Tm presented high zeta potential values near to central pH scale (7) as 
pH 6.8 and pH 7.3, respectively. Besides, these two compositions pre-
sented similar zeta potential curves, including quite similar IEP as 9.1 
and 9.2. 

For thulium-yttria suspensions is observed a slight displacement of 
IEP according to thulium concentration from pH 8.6 to pH 9.2, as 
illustrated in Fig.5. “’Pure” yttria (Tm 0at%) exhibited isoelectric point 
(IEP) at pH 8.6 [39,40] When the pH of suspension is set at IEP the 
number of positive ions become equivalent with the number of negative 

Fig. 4. Relationship between the total interparticle potential energy and the final suspension structure, illustrating the following modes: dispersed (I, IV), flocculated 
(II, III). Adapted from Lewis et al. [40]. 

Fig. 5. Isoeletric point of thulium-yttria suspensions as a function of Tm concentration.  
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ions, thus this ion equivalence provides destruction of electric double 
layer and particles become unstable. Besides, zeta potential (ζ) value 
becomes 0 and attraction forces are predominant. As a consequence, 
particles begin to flocculate and sediment. Moreover, adding additives 
into suspension to improve particle dispersion (silicates, phosphates, 
and anionic polyelectrolytes) provides displacement of the IEP toward 
acid pH range. In our work [23] on yttria nanoparticles, using 1.0 wt.% 
(weight percentage) poly-acrylic acid (PAA) as dispersant provided 
displacement of IEP from pH 8.5 to pH 6.4. Furthermore, stable sus-
pensions could be prepared apart from pH 7 using 0.5 wt%PAA. 
Angel-Olarte et al. [41] reported that aqueous co-doped gadolinium 
suspensions (Gd2O3:Eu3+/Yb3+) exhibited IEP at pH 7.7, being stable at 
pH 9.5 (ζ >20 mV). 

Colloidal processing is not exclusively based on dispersion of parti-
cles. Sometimes the procedure of flocculation is performed in order to 
separate at least two different phases. Liu et al. [42] reported a study on 
pre-treatment and filter configuration for removing surrogates of 
Cryptosporidium oocysts in cold-water conditions, in which zeta po-
tential was performed in order to evaluate water filtration process. 
Moreover, our research group reported studies on colloidal stability of 
rare earths in which porous, reticulated, and biomorphic structures of 
rare earth based materials such as Y2O3 [43], RE2O3 [44], Y2Si2O7 [45], 
and Y2Si2O7:Dy [46] were produced. 

Zeta potential relies on charge density of the electric double layer 
formed on particles, which in turn depends on conditions of the medium 
wherein they are immersed. In aqueous medium the pH is a key 
parameter that provides substantial conditions to both disperse, and 
agglomerate particles. As Y2O3 particles are immersed in aqueous me-
dium, the hydration of their surface could induce the formation of new 
chemical species. The surface oxygen can be hydrolyzed constituting 
rare earth metal-hydroxide groups, as shown in eq. 4.  

YO + [OH− + H+] ↔ YOH + OH                                                    (4) 

In Fig. 6 is illustrated the effect of pH on dispersion of yttria particles. 
As reported previously, yttria presents IEP at pH 8.5, which means that 
only attraction forces are predominant and promote the formation of 
flocs or cluster of particles. As a result, at pH 9 the mean particle size 
(d50) was 2988.4 nm, a value extremely elevated. On the other hand, 
setting pH far from IEP provides significant reduction on d50, which 
means that repulsion forces are intensified in detriment of attraction 
ones. For instance, d50 decreased from 2988.4 nm at pH 9 (near to IEP) 
to 213.9 nm at pH 7 and to 135 nm to pH 11, respectively. At pH 11.5 

formation of particle agglomerates is observed, in which d50 was 
216.8 nm. This result is in accordance with those reported on zeta po-
tential curves (Fig. 3). Apart from pH 10.5 the thicknesses of the electric 
double layer begins to decrease due to increase of ionic strength, and as a 
consequence, ζ values decrease. 

The insertion of thulium into yttria lattice did not provide remark-
able changes on particle characteristics such as size, shape, and crystal 
structure, seeing that rare earth oxides exhibit great similarity of 
chemical and physical properties. However, a significant change on 
surface chemistry of particles characterized by zeta potential in aqueous 
medium was observed. 

The effect of activator on yttria is often observed by additional 
characterizations. Nevertheless, it is beyond the scope of this paper. 
According to our previous work, doping yttria with 2at.% europium 
(atomic percentage, at.%) led to improvement of Electron Paramagnetic 
Resonance (EPR) response of ceramic rods, in which samples exhibited a 
great increase of dose sensitiveness in dose range from 0.001 up to 
10kGy [26]. This effect is based on a set of features as phase stability, 
increase of luminescence centres, and higher probability of radiative 
recombination [47,48]. In addition, Govimdasamy et al. [11] reported 
that RE-doped yttria exhibits higher luminescence response due to RE 
ions are located at C2 sites of yttria (Table 1). 

Considering that rare earth oxides present unique properties and are 
quite expensive materials, many efforts have been proposed in order to 
use these substances in sustainable manner. Based on this concept the 
present work innovates by evaluating and reporting the stability pa-
rameters for colloidal processing in aqueous medium of these valuable 
materials, as listed in Table 2. The establishment of stability conditions 
provides very useful parameters to advance toward new materials for 
radiation dosimetry. 

4. Conclusion 

The stability of cubic C-type thulium-yttria nanoparticles (Tm:Y2O3) 
with mean particle size (d50) less than 150 nm in aqueous medium was 
evaluated. Low concentrated Tm:Y2O3 suspensions prepared with 
0.05 vol.% solids exhibited variation of isoelectric point (IEP) as a 
function of thulium concentration (0–2 at%, atomic percentage) from 

Fig. 6. Effecf of pH on promotion of the mean particle size and dispersion state 
of yttria powders: (1,5) dispersed; (2,4) weak flocculated; and (3) 
strong flocculated. 

Table 1 
Characteristics of Y2O3:Tm particles obtained by hydrothermal synthesis.  

Tm (at.%) Particle size distribution (nm) ρ (g. cm− 3)  

d10 d50 d90 dc S RS  

0 81.9 135.8 215.8 117 133.9 0.99 4.94 
0.1 75.8 98.8 135.7 4.7 59.9 0.61 4.99 
0.3 64.9 124.6 185.0 6.2 120.1 0.96 5.18 
0.5 70.0 132.9 184.2 6.9 114.2 0.86 5.25 
1.0 74.7 128.6 240.2 6.6 165.5 1.29 5.45 
1.5 117.0 142.7 264.7 5.5 147.7 1.04 5.52 
2.0 104.9 155.1 317.0 5.1 212.1 1.37 5.81 

at.%: atomic percentage; S (Span): d90-d10; dc: crystallite size; RS (Relative 
Span): Span/d50; ρ: pycnometric density. 

Table 2 
Stability parameters for thulium-yttria suspensions.  

Tm (at.%) High dispersion Instable range IEP  

pH ζ (mv) pH  

0 10.5 − 34.56 7.1 – 9.7 8.5 
0.1 10.0 − 31,03 7.5 – 9.4 8.2 
0.3 11.0 − 32.13 7.6 – 10.0 8.5 
0.5 6.8 31.38 7.6− 10 9.1 
1.0 10.5 − 30.37 5.8 – 9.9 8.5 
1.5 10.5 − 29.93 7.6 – 9.9 8.4 
2.0 7.3 28.73 8.1 – 10.1 9.2 

at.%: atomic percentage; Instable range means |ζ| < 20 mV. 
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pH 8.6 to pH 9.2, respectively. Most suspensions presented high stability 
at pH 10.5 with zeta potential values around - 30 mV. This work in-
novates by reporting very useful parameters to advance toward new 
materials for radiation dosimetry. 
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