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Abstract
The engineering of doped zirconia nanoparticles (NPs) for energy application is realized in conceptResearchSmart Laboratory.
To improve nanomaterials’ engineering, correlations of “salt concentration—powder dispersity” and “calcined temperature—-
particle’s sizes” were built. The correlation of “materials structure—materials functionality” is made. The technology forming
ceramics with varying grain sizes and densities under the same thermodynamic conditions (1350 °C) from NPs with different
sizes is developed. The impedance spectroscopy with the distribution of relaxation time analysis is used for ionic conductivity
ceramic investigation in range 240–900 °C. The activation energies of the grain and grain boundary oxygen diffusion are
calculated. It was shown that the energy activation of bulk oxygen diffusion does not depend on ceramic grain size (Ea �
0.9 eV). The energies activation of grain boundary oxygen diffusion estimated in the framework of the bricklayer model
show a weak growth with the rising of ceramic grains sizes. The values of the volume activation energy are close to the
grain-boundary activation energy for ceramics obtained from nanoparticles smaller than 18 nm. It was found that the grain
boundary space contains two types of elements with different geometries. The size of NPs used for ceramic determines the
size of grain boundaries elements. It was shown that the density of sintered ceramic has a more substantial effect on its
electrophysical properties than grain size. The NPs sizes of 18–24 nm are optimal for forming pressed powder compacts and
sintered ceramics with high density.

Keywords SmartLab concept · Zirconia for energy · Ionic conductivity · Electrical potential generation · Coprecipitation
method
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1 Introduction

The strategy of developing the global energy market is based
on the advantages of using alternative energy technologies,
so-called green ones, over traditional technologies [1]. It is
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due to the severe negative impact on the environment of using
conventional hydrocarbon energy sources [2]. The technolo-
gies of solid oxide fuel cell (SOFC) [3], solar energy [4],
humidity to electricity [5] are actively developed. One of
the materials used in these technologies is oxide materi-
als with a nonstoichiometric matrix, including zirconia [6].
The nonstoichiometric nature of the material provides high
ionic conductivity due to oxygen defects in the volume and
at the boundaries of ceramic grains [7], as well as proton
conductivity due to the presence of active water adsorption
centers on the nanoparticles (NPs) surface [8]. Zirconia has
these valuable structural properties, and at the same time,
due to its nature, it is a bioinert material, which excludes its
toxic effects on the environment. Modern material science
uses different synthetic methods to create nanomaterials, for
example, plasma chemical technique [9], wet chemistry [10],
mechanochemical synthesis [11]. The trend toward decreas-
ing energy intensity of manufacturing makes wet chemistry
methods the most promising because of their low cost and
the simplicity of synthetic equipment [12]. The coprecipita-
tion method, sol–gel and hydrothermal techniques are the set
of wet chemistry methods. In industry, the sol–gel process
is used for zirconia synthesis, particularly in Tosoch corpo-
ration [13]. However, this method has some limitations. It
contains an energy-intensive grinding step [13]. Only NPs
with sizes above 40 nm may be obtained [13]. The use of
the coprecipitation process gives the more wide possibility
for the variation of the properties of synthesized materials,
notably decreasing NPs sizes and the variety of the chemi-
cal composition of materials due to complex doping in oxide
matrix [14]. This method is often used in laboratory practice
and pilot production and has good prospects for scaling up to
large-tonnage zirconia production. [15]. However, the sur-
face energy of nanoparticles increases significantly, which
leads to their aggregation [16]. The NPs aggregation is a
negative moment for the successful commercialization of
coprecipitation technology since the particle size and dis-
persity of the material are important characteristics of a
commercial product that affect its performance properties
along with the chemical and phase composition. At the same
time, someparameters of chemical synthesis (nature and con-
centrationof precursor salts andprecipitator, pHof a solution,
drying and calcined temperature) affect the structural char-
acteristics of the final product [17, 18]. The optimization of
material operating properties is achieved by building a corre-
lation between material’s functional properties and structure
and the characteristics of the initial powder. Thus, for cataly-
sis, oxide particle aggregates can be helpful in the formation
of active catalyst clusters in their pores [19], while in tech-
nologies using particle ordering during pressing or during
slip casting, powder aggregation is undesirable [20]. Tech-
nologies for manufacturing critical elements of alternative
energy, for example, solid electrolyte, cathode or anode for

SOFC, include techniques for consolidating oxide nanoparti-
cles by pressing or slip casting [21]. Therefore, the successful
application of nanopowders in such technologies depends on
their dispersity.However, only analysis of the electrophysical
properties of materials allows choosing the optimal powder
size for such applications. Also, understanding what struc-
tural features of the material affect the properties is needed
[3, 5].

Materials based on zirconia arewidely used in SOFC tech-
nology, including solid electrolytes [22]. The level of ionic
conductivity determines the functionality of such material.
The level of ionic conductivity of zirconia depends on chem-
ical composition [23], the density of materials [24], the type
and number of defects in ceramic grains and their boundaries
[25, 26]. The use of nanopowders in ceramic manufacturing
allows enhancing the functionality of ceramic material [27].
It is known, the size and dispersity of nanopowders are essen-
tial characteristics that affect the structure and mechanical
properties of ceramic [28]. However, the effect of grain size
on bulk and grain boundary ionic conductivity is still under
discussion [29–31]. Usually, authors analyze the ionic con-
ductivity of zirconia ceramics with different grain sizes in
which grain size is determined by

• the sintering temperature of ceramic [22, 30, 32],
• the various kinds and amounts of dopants [22, 29, 30],
• NPs sizes [33, 34].

Analysis of these works indicates discovered links
between microstructure (grain sizes), ceramic density and
ionic conductivity, but these relationships may not be unam-
biguous [29, 35]. Since the grain sizes and density are the
functions of dopant [33, 34] or sintered temperature [22, 34].
Simultaneous changes in the grain size and density of ceram-
ics formed at different sintering temperatures can lead to an
ambiguous interpretation of the relationship between powder
characteristics and ceramic functionality. One approach that
makes it possible to separately evaluate the contribution of
grain size and density of the material to the ionic conductiv-
ity is the creation of ceramics with different grain sizes under
identical sintering conditions.

This approach realized inworks [34, 35] also is not cleaner
because NPs with different sizes are usually obtained by the
adding of varying dopant amounts [34], mechanical milling
[36] or different synthesis routes [37]. It is possible to get
ceramics with varying grains at the same sintering temper-
ature using powders with different sizes but synthesized in
the same synthetic approach. It will clarify the contributions
of grain size and density to the material’s functionality.

At the same time, consolidated nanomaterials based on
zirconia are promised in new energy generation technologies
based on humidity gradient use [10, 38, 39]. For a description
of potential electric generation in consolidated nanomaterials
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Fig. 1 Scheme of nanoparticles
(NPs) formation of zirconia as
smart object

themechanisms of ion diffusion, surface potential and stream
potential are used [40]. The implementation of these mech-
anisms is based on creating an electrical double layer (EDL)
during water adsorption on walls of pores formed between
NPs [41, 42]. Materials for this application are subject to
the following requirements: NPs dispersity [39], determin-
ing surface state [38] and their water adsorption capacity [39,
42]. The latter parameter depends on the dispersity, amounts
and nature of active surface centers [43]. At the same time,
the sizes, dispersity [44] and surface state [45] of zirconia
NPs prepared by coprecipitation technics depend on calcined
temperature. In the coprecipitation technology, the zirconia
is formed as a smart object because the NPs are characterized
by a set of bulk and surface characteristics, Fig. 1. The phase
and chemical compositions, type of bulk and surface defects,
NPs size, surface state and dispersity index can control by
varying reaction conditions.

For successful commercialization of chemical coprecipi-
tation process in the actively developing sector of alternative
energy technologies, a qualitatively new procedure for work
organizing in a scientific laboratory of nanomaterials is
required. The order is based on the approach of task-oriented
engineering of nanomaterials which is applied for broad
spectra of application, for example, membrane design [46],
catalysts [19, 47], optics in solar devices [48], sensors [4].

The NPs chemical engineering is based on bonds: “ma-
terials characteristics—operated or functional properties of
NPs—functional properties of ceramic material”. In this
case, the interaction between the researchers, who synthe-
sizes and tests material structural and functional properties,
must be thoroughly organized. It requires the building of
optimal workflows in a laboratory of nanomaterials.

For optimization of work in laboratory of nanomaterials
needs:

1. to build an algorithm of synthesis based on the choice of
critical parameters effected on material structure;

2. to select methods of study that allow describing the struc-
ture and functional properties of the material;

3. to determine workflows that provide the optimal perfor-
mance of the necessary research procedures for building

“materials structure—material functionality” correla-
tion.

It may be realized in SmartLab conception widely devel-
oped recently [15, 49].

The aim of work was

• the development of SmartLaboratory concept that allows
providing the choice of key criteria for the synthesis of
high dispersed zirconia nanopowders with predetermined
sizes by coprecipitation method;

• the production of ceramic materials with different grains
size in identical thermodynamic conditions (1350 °C)
based on NPs with variance size;

• the study of the impacts of grain size and density of pow-
der compact and ceramic on electrophysical properties of
zirconia for subsequent development of coprecipitation
technology for task-oriented production of nanosized zir-
conia for alternative technology.

2 Materials andMethods

2.1 Materials

ZrOCl2·6H2Owas obtained fromSME“CVK”(Ukraine) and
Y(NO3)3 was prepared by dissolving of commercial Y2O3

(GAS1314-36-9) in 65wt%HNO3 (GAS7697-3-2).Ammo-
nia 25 wt% water solution was used. All reagents was used
without further purification.

2.2 Synthesis of Zirconia NPs

Y-doped zirconia nanopowders or materials were synthe-
sized by inverted coprecipitation method. ZrOCl2·6H2O and
Y(NO3)3 in same stoichiometry mole ratio of yttrium and
zirconiumoxides—3:97 are used.The concentrationof zirco-
nium salt is varied in a range of 0.39–2.33 mol/L. Ammonia
solution was employed to precipitate the zirconium hydrox-
ide hydrogel. The precipitation process was carried out at
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the solution pH � 9–10. Hydrogel precipitate was repeat-
edly washed by distilled water to pH � 7–8. The absence of
Cl-ions in wastewater was checked also. MW oven is used
to dry hydrated zirconium hydroxide (f � 2.45 GHz, P �
900 W). The calcination of the dried zirconium hydroxide
occurs during isothermal treatment (T cal) at 400–1000 °C
for 2 h.

2.3 Consolidated Powders and Ceramic Samples
Preparation

Zirconia NPs compacts (20 mm in diameter) were produced
by uniaxial pressing of zirconia powders in metallic die at
30 MPa and then cold isostatic pressing (CIP) in an oil
(VG 32) at 300 MPa. The ceramic sample is prepared from
zirconia NPs compacts by heat-treatment at the sintered tem-
perature of 1350 °C for 2 h.

2.4 Characterization

2.4.1 X-Ray Diffraction Measurement

XRD patterns are obtained in filtered (Ni filter) CuKα-
irradiation (λ � 1,54 Å) on powder diffractometer Dron-3,
Bourevestnik, Russia. For tetragonal and monoclinic phases
of zirconia, the analyzed space groups were P42/nmc and
P21/C, according to the ICDD standard card N01-078–1765
and 0–037-1484, accordingly. Selyakov-Sherrer’s equation
was used for estimation the coherent scattering area (CSA)
of powder samples. The estimation error of particle size is
1 nm.

2.4.2 Textural Measurement

Nitrogen adsorption–desorption isotherms at 77 K is mea-
sured on SORBI MS 4 N device at N2 + He mix partial
pressure (p/p0 � 0.05 ÷ 0.95). Preliminary heat treatment of
powder samples occurs at 140 °C for 30 min for adsorbed
water removal. Values of specific surface area (Ssa) and spe-
cific surface area of mesopores (Smsa) are estimated in the
SoftSorbi-II v. 1.0 program. For the description of specific
surface area (Ssa) the adsorption isotherm in range p/p0 �
0.06–0.2 was used according to BET method [50]

P
/
P0

Va
(
1 − P

/
P0

) � 1

VmC
+
C − 1

VmC

P

P0
, (1)

where V a is volume of adsorbed gas; Vm—monomolecular
layer volume; C—BET constant, p—equilibrium gas pres-
sure; p0—partial pressure and specific surface area (Ssa) is

Ssa � 4.371 · Vm. (2)

Ssa value includes the external, mesopores andmicropores
specific surfaces area. The measurement error is not more
than 3%.

The external and mesopores specific surface area (Smsa)
and micropores volume (Vmicro) is estimated by t-method
(STSA) [51]. The adsorption isotherm is analyzed at p/p0
� 0.39–0.53. Pore geometry is cylindric. Smsa was estimated
fromadsorption isotherm in coordinatesVa–t (STSA-graph),
where t is medium thickness of adsorbed layer estimated by
the Halsey equation

t � 3.54 ·
⎛

⎝ 5

2.303 · log
(
P0
P

)

⎞

⎠. (3)

Then, Smsa is estimated from linearization isotherm as:

Smsa �
(
Va · 15.47

t

)
(4)

The measurement error is not more than 3%.

2.4.3 TEM, SEM Investigation

Morphology of powder is determined by transmission elec-
tron microscopy (TEM) using JEOL JEM 200Amicroscope.
The morphologies of consolidated powder and ceramic are
determined by transmission electron microscopy (SEM)
using JSM 6490LV JEOL Japan. The grain size estimation
is provided by a method of random section medium values.

2.4.4 pHMeter Measurement

The integral acidity of oxide NPs surface and analysis of
air-drying and water-saturated states is determined from pH
measurement (“pH 700” pH meter, Eutech Instruments, Sin-
gapore) [52]. The ξ-potential of NPs obtained from the
analysis of electroosmosis data [53]

ξ � η

ε · εo
· U

V
o · Kx

I
(5)

where η � 1 × 10−3 (N s/m2) is viscosity of water
media; ε � 81—dielectric constant of water; ε0 �
8.85 × 10−12—the vacuum permittivity (F/m); UV

0 �
V /t—volume rate of solution at electroosmos (m3/s); KX

�KKCl·(RKCl/Rx)—specific electroconductivity of medium,
(1/(� mm)), RKCl—resistance of 0.01 mol/kg KCl solution;
RX—resistance of filtrate. I—current (A). ξ -zeta potential
value of NPs is estimated as average of values from three
measurements.
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Fig. 2 Scheme of main stages of
management of working process
in chemical laboratory

2.4.5 Impedance Measurements

The impedance of ceramicwasmeasured by virtual precision
analizator of impedance parametrizes 2B-1 (Trapeznicov
Instityte, Russia) in frequencies of 1 Hz-3 MHz and temper-
ature from 210–910 °C range. The points in the frequency
range of 0.1Hz–3MHzwere 52. In order to ensure the linear-
ity of the studied electrochemical system, the amplitudeof the
variable excitation signal applied to the sample was limited
to 50 mV. The impedance spectra in terms of distribution of
relaxation times (DRTanalysis) obtained inProgramRelaxIS
3 (RHD instruments GmbH & Co. KG, Germany) [54, 55].
Samples for measuring the temperature dependence of the
impedance had the shape of a disk with a diameter of 10.0 ±
0.5 mm and a thickness of 2.00 ± 0.05 mm. To create reli-
able electrical contacts on the end surface of the samples was
applied a thin layer of silver paste (40–50 μm thick), which
was ignited at a temperature of 910 °C for 30 min. Platinum
wires were pressed to the formed metallic silver contacts on
the ceramic sample, which were connected to the input ter-
minals of the impedance analyzer. The total grain and grain
boundary conductivities (σ) are estimated as [56, 57]

σ � L

RS
, (6)

where L—sample thickness and S—electrodes surface,
R—resistivity of material.

For registration of maximum of voltage (Umax) in pressed
powders samples (m � 2 g), the precision voltmeter Kethly
2000 was used. Graphite was used as an electrode on the side
of pressed powders samples.

2.4.6 Density Measurement

Densities of pressed compact and ceramic samples are
estimated by hydrostatic weighing according to GOST
15,139–69.

2.5 Procedures of Decomposition Diagram

The working process in a laboratory of nanomaterials syn-
thesis is described based on the method of decomposition
diagram [58]. The decomposition diagram allowed us to
select the kinds of works and links between separate worked
stages, define the work tasks, choose objects, and determine
workflows in laboratory.

3 Results and Discussion

3.1 Structure of Laboratory of Nanomaterials

In a SmartLab conception, the architecture of a laboratory
is selected based on the features of chemical engineering of
nanomaterials [49]. For the research laboratory of functional
nanomaterials, the working process is multilevel and may
contain reversible cycles between different levels.

Figure 2 shows a scheme of the centralmanagement stages
of the chemical laboratory’s working process. According to
the presented information, the main workflows in the Labo-
ratory of nanomaterials link the following main blocks:

1. Block B1—Storage and analysis of data;
2. Block B2—Planning of experiment;
3. Block B3—Chemical synthesis of material;
4. Block B4—Characterization of synthesized material;
5. Block B5—Functional properties measurement.

The distribution of workflows can be described by two
inner closed cycles (small cycle C1 and big cycle C2) of
workflows and outer workflows directly related to other lab-
oratories, databases, and open scientific space (conference,
articles, different types of dissemination). The outer work-
flows are included in external cycle C3. The last determines
the transfer materials or some results from Block B2, Block
B3, or Block B4 to external laboratories for study materials
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or data process and return the data and results from outside
to Block B1. The computerization of such laboratory should
provide the full support of all operations. These operations
are necessary calculations, the work with database and data
storage, visualization, analysis program, chemical process
control automation, sensors, others, and the creation and sup-
port of a fast exchange of information inside marked Blocks.

Chemical engineering of nanomaterials occurs in techno-
logical processes of synthesis.According to created synthesis
protocol in Block B2, the chemical synthesis carries out in
Block B3. Block B3 is a central block in laboratory. Block
B3 has a hardware-software blocks solution for equipment
starts and synthesis controls. Block B3 structure is described
through the set of hardware and software subsystems. The
synthesized materials transfer to Block B4 and Block B5 for
characterization and testing. The obtained data is used for
technological process optimization.

3.2 Choice of Key Parameters for Technological
Process Optimization

The technological process of obtaining crystalline zirconia
may be described in detail as:

1st stage The forming of a wet hydrogel of Y-doped zir-
conium hydroxide by chemical coprecipitation method [59]
according to the following reactions:

ZrOCl2 + pY(NO3)3 + (2 + p · n)NH4OH + tH2O

→ ZrO(OH)2 · pY(OH)3 · tH2O + (2 + p · n)NH4Cl,
(7)

Y—doping element, n—valence of Y, p—Y amount
(mol%) according to the ratio between Zr and Y in
oxide, ZrOCl2, Y(NO3)3—zirconium and yttrium salts,
NH4OH—precipitator. The amount of Y-doped zirconium
hydroxide hydrogel obtained from zirconium salt depends
on its concentration.

2nd stage The forming of amorphous Y-doped zirconium
hydroxide (xerogel) occurs using high energy MW irradi-
ation (f � 2.45, P � 700-900 W) from the hydrogel. In
such drying, the system lost some part of free and physical
adsorbed water [60]. The scheme of xerogel formation may
be expressed as:

ZrO(OH)2 · pY(OH)3 · tH2O → ZrO(OH)2 · pY(OH)3 + tH2O.

(8)

Synthesized amorphous product contains some chemical
linked water. There are terminal and bridging OH groups
[61]. Their ratio determines the degree of connection of NPs
each to the other in xerogel. The degree of NPs aggregation
in the amorphous xerogel matrix determines the dispersity of
synthesized oxide particles [62].

3rd stage Oxide NPs is formed by isothermal heat treat-
ment of amorphous xerogel at temperature from 400 to
1000 °C range according to scheme:

ZrO(OH)2 · pY(OH)3 → ZrO2 · (p/2)Y2O3 + (1.5p + 1)H2O.

(9)

The size of the crystalline particle is regulated at this stage
[44].

Usually, the conditions of the first and second stages deter-
mine the dispersity of crystalline zirconia. The sequence of
steps proposes the influence of each key parameter from the
previous step on the structures and properties formed prod-
uct. In connection with it, some correlations between key
parameters of synthesis and structure, functionality created
product are needed. The critical structure parameters influ-
ence on optimal characteristics of obtained products.

The zirconium salt concentration is a critical technolog-
ical parameter in the first technological stage, according to
(7). It is due to two opposite factors, namely, on the one hand,
a decrease in the salt concentration improves the dispersion
of the material [59, 63], and on the other hand, it reduces the
yield of the target product [15]. The choice of optimal salt
concentration is essential for the dispersity of oxide products
with optimal target product yield. In the second stage (8), the
drying intensity is a primary technological parameter, and the
use of high energy methods, such as microwave irradiation,
can improve material dispersity [59]. In the third stage (9),
oxide nanoparticles are formed under isothermal heat treat-
ment, and their sizes are the function of calcined temperature
[44, 63].

Thus, the zirconium salt concentration and calcined tem-
perature may be chosen as technological parameters of
coprecipitation method for obtaining materials with prede-
termined particle sizes and dispersity.

3.2.1 Correlation of “Key Parameter of Synthesis: Key
Structure Criterion

Calibration I: “Salt Concentration—PowderDispersity” The
calibration of “key parameter of synthesis—key structure
criterion” must be built to determine the optimal salt concen-
tration. The zirconium salt concentration is a key parameter
of synthesis. The dispersity of amorphous zirconium hydrox-
ide is the key structure criterion.

The ratio terminal and bridging OH groups, specific sur-
face area and micropores volume, the fractal dimension of
oxide systems estimated by FTIR spectroscopy [45], BET
analysis [48, 51, 62] SANS or SAXS methods [45, 61, 62],
accordingly, may be used for the description of the aggrega-
tion index of oxide powders. Any of the characteristics may
be used as a key structure criterion of material. Still, investi-
gators often choose the specific surface area value to estimate
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Table 1 BET data for xerogel
synthesized from salt solution of
different concentration

C (mole/L) Ssa Smsa Smsa/Ssa Vmicro System type

0.39 368.4 369.5 1 0.0 Meso structure

0.78 379.3 381.6 1 0.0

1.16 343.4 282.7 0.8 0.022 Micromeso structure

1.51 316.6 234.1 0.7 0.033

2.33 313.2 201.7 0.6 0.047

The error for Ssa, Smsa estimation is 6%

powder dispersity and aggregation index for the broad spec-
tra of materials [48, 51, 64]. The NanoDefine project (www.
nanodefine.eu) proposed the flow chart of the nanomateri-
als and non-nanomaterials screening strategy based on BET
measurement and the subsequent confirmation of material’s
dispersity by electron microscopy [65].

Table 1 shows BET data for xerogel synthesized from
salt solutions with different concentrations, including spe-
cific surface area estimated by BET (Ssa) and t-method
(Smsa) approaches and micropores volume (Vmicro) accord-
ing (1)–(2) and (3)–(4).

It was found, that the specific surface area (Ssa) of
amorphous xerogel depends nonmonothonically on salt con-
centration taken during powder synthesis. It may be due to
the difference in porous structures of formed xerogels. In
this case the value of Smsa estimated by t-method (3)–(4)
is needed using additionally to Ssa value [64], since Ssa
estimated by BET method (1)–(2) cannot separate the pore
surface from external surface area of NPs [65]. According to
[66], the ration ofSsa/Smsa reflects the degree ofmesoporosity
versus microporosity in investigated materials. The xerogels
are mesoporous systems if Smsa/Ssa ≥ 1, but the xerogels are
micromesoporous systems if Smsa/Ssa < 1. Thus, the Smsa/Ssa
ration may be used as criterion for a description of the amor-
phous xerogel structure. The aggregation index of the oxide
system depends on the porous structure of using amorphous
xerogel [10, 62]. TEM investigation of formed oxide NPs
allows visualizing theNPs aggregation index. Figure 3 shows
TEM data of oxide powders (700 °C) obtained from meso-
porous (Fig. 3a) and micromesoporous xerogels (Fig. 3b).
The oxide powders synthesized from mesoporous xerogel
contain the aggregates of soft linked NPs. The oxide system
synthesized from micromesoporous shows the presence of
hard aggregates in powder structure. It was shown in [61,
62] for zirconia the transfer from mesoporous to microme-
soporous structure increases the number of phase contacts
between amorphous NPs due to increasing of bridging OH-
groups in its structure. The process of the oxolation of such
groups during heat treatment of xerogel leads creating the
hard linked oxide NPs. Thus, the using of mesoporous xero-
gel allows preparing the dispersive oxide systems.

Fig. 3 TEM data of oxide powders (700 °C) synthesized from a meso-
porous and b micromesoporous xerogels

It is concluded that the absence of micropores in the initial
amorphous xerogel is a quantitative criterion for the dis-
persion of oxide NPs. The Smsa/Ssa ratio estimated for the
amorphous xerogel can be used as a qualitative criterion for
the fineness of the resulting oxide powders. The TEM data
shows that synthesized oxide is dispersive if the Smsa/Ssa �
1 is fulfilled. Critical salt concentration solution used for zir-
conia precipitation process must be less than 1 mol/L.

Figure 4 presents the flow chart for the building of the
calibration I of “zirconium salt concentration—powder dis-
persity” (Smsa/Ssa ≥ 1 for amorphous xerogel is satisfied
condition) in terms of “key parameters of synthesis—key
structure criterion”.
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Fig. 4 The algorithm of building calibration I of “zirconium salt con-
centration—dispersity of xerogel (Smsa/Ssa)”

Flow chart (Fig. 4) contains some procedures:

1. The synthesis of amorphous xerogel correspond to
(7)–(8) from solutions with different salt concentra-
tions. Zirconium salt concentration is varied from 0.39
to 2.33 mol/L with a step of 0.39.

2. The calculation of Ssa and Ssma values for amorphous
xerogel based on BET data according to (1)–(2) and
(3)–(4). The check of Smsa/Ssa ratio.

• if Smsa/Ssa ≥ 1, structure classifies as mesoporous;
• if Smsa/Ssa < 1 structure classifies asmicromesoporous.

3. The synthesis oxide NPs by isothermal treatment at
700 °C according to (9). The estimation of aggregation
index for oxide NPs by TEM investigation.

• if xerogel is mesoporous system then oxide NPs will
dispersive;

• if xerogel is micromesoporous system then oxide will
not dispersive.

4. The building of the calibration I: “salt concentra-
tion—oxide dispersive” (Table 1) Data is saved in Base-
data.

Calibration I allows to choice concentration of zirconium
salt that is optimal for synthesis of mesoporous xerogel. It
allows obtaining the high dispersed oxide product in future.

Fig. 5 XRD analysis a XRD pattern, b The calibration II of “calcina-
tion temperature—NPs size” for 3 mol% Y-doped zirconia. D is NPs
size, T cal—calcined temperature. 01-078-1765 is card number in ICDD
database

Calibration II: “Calcined Temperature:Nanoparticles Size”
Oxide NPs are synthesized according to (9). All synthesized
zirconia systems are tetragonal crystals. Figure 5a shows the
XRD pattern. The observed X-ray reflections exhibit a good
agreement with the ICDD standard card 01-078-1765 for
P42/nmc. Doping of zirconia lattice by Y3+ ions led to stabi-
lize tetragonal phase according to ZrO2-Y2O3 phase diagram
[14]. For oxide systems, the increase of calcined temperature
(T cal) leads to an increase in the size of synthesized NPs [44].
However, NPs growth at increasing the calcined temperature
depends on the nature of oxide matrix, kinds and concentra-
tion of dopant, and isothermal treatment time [67]. Figure 5b
shows the dependence of NPs size on calcined temperature
for Y-doped zirconia synthesized from solution with zirco-
nium precursor salt concentration 0.78 mol/L.

The curve shows the monotonic growth of NPs sizes at
increasing of T cal, and it may be described as exponent trend
(R.2 � 0.9917)

D � 1.27 · exp(0.0027 · T ), (10)
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where T—temperature in K. For Y-doped zirconia the NPs
size increases 3.5 times with increasing of T cal from 400 to
1000 °C.D at T � 298 K is the size of an amorphous particle
of xerogel.

Thus, these two selected correlations allow writing the
synthesis protocol of dispersive Y-doped zirconia NPs with
predetermined sizes.

3.3 Functionality of NanosizedMaterial in Energy
Application

The electro-physical properties of pressed powders and sin-
tered ceramic systems obtained fromNPswith different sizes
were tested to estimate the functionality of synthesized zirco-
nia for energy applications. The ionic conductivity of ceramic
samples and the ability of powders compacts to generate the
electric potential in a humid atmosphere versus T cal of pow-
derswere estimated. The ceramic samples sintered at 1350 °C
were tested by impedance spectroscopy for the ionic conduc-
tivity experiments. The electric potential were tested at 80%
air humidity for compacted powder samples.

3.3.1 Dependence of Compacts and Ceramic Properties
from Nanopowder Sizes

As taken above, the powders pressed by CIP and ceramic
samples are used for testing. The density is a main physi-
cal characteristic of these samples [22, 24, 29]. Figure 6a
shows the density of pressed powder and sintered ceramic
samples from powders with various calcined temperatures
(in other words—NPs sizes). This dependence is non-
monotonic with extremum at 700–800 °C corresponding to
NPs sizes—18–24 nm. It correlates with the changing the
NPs ξ-potential from Tcal of NPs, see Fig. 6b. The values
of ξ-potential for oxide NPs connect with surface state [68].
The relation of the number of basic and acidic sites (Lewis
and Bronstad) determines the acid–base state of NPs surface
[42]. According to (8)–(9), oxide NPs are formed due to the
dehydration and dehydroxilation of amorphous xerogels at
heat treatment. It leads forming of Lewis acid sites (oxygen
vacancies) on zirconia surface at low annealing temperatures
[45]. The calcination ofNPs in atmospheric oxygen increases
the Lewis basic sites on surface (surface oxygen), resulting
in the ratio of acidic and basic sites changes [43, 45]. The
extremum on this dependence shows on changing of nature
of surface sites.

It is known that ξ-potential influences on NPs aggregation
and disaggregation [68]. Additionally, the frame structures in
pressed samples are created by aggregates present in powders
with T cal � 1000 °C. They give an additional part in the
decreasing of density, Figs. 6a and 7 show the changing of
ceramic structure for nanopowders with different T cal.

Fig. 6 Characteristics of powders versus T cal of powders a densities
of pressed powder (ρcompact) and sintered ceramic samples (ρceram),
b ξ -potential of NPs

The values of average grain sizes of Y-doped ZrO2 ceram-
ics are 176 ± 23, 202 ± 19, 214 ± 13, 239 ± 21, 290 ± 33
and 340 ± 23 nm for ceramic sintered from NPs obtained
at 400, 500, 700, 800, 900 and 1000 °C. In this case, the
ceramic grain size and density are functions of NPs sizes
(or T cal) taken on for ceramic synthesis. It contrasts with
other works in which grain size and density are functions of
ceramic sintering temperature [25]. It helps to separate the
influence of grain size and density on zirconia’s electrophys-
ical properties and optimize the characteristics of zirconia
powders proposed for energy application.

3.3.2 Ionic Conductivity of Y-Doped Zirconia Ceramic
from NPs with Different Sizes

The impedance spectroscopy allows to dilute the ionic and
electronic parts in total conductivity in the ionic solid elec-
trolyte, the inner and inter grains conductivity in crystalline
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Fig. 7 SEM images of ceramic structure synthesized at 1350 °C from NPs with T cal—a 500 °C, b 700 °C, c 900 °C and d 1000 °C

materials. Figure 8 shows impedance spectrum patternwhich
is typical for this type of materials [29, 69]. It contains one
or more semicircles, overlapping or not, which describe the
contributions of volume (grains), interfaces (mainly grain
boundaries), and contacts to the electrical resistivity of poly-
crystalline ceramics [56]. Sometimes, in the low-frequency
part of impedance spectrum, the straight linemaybeobserved
and it is attributed toWarburg impedance connected with ion
diffusion [70]. Each semicircle is represented by an equiv-
alent circuit composed of a resistor (R) in parallel with a
constant phase element (CPE) when the centers of these
semicircles lie below the ReZ axis [71, 72]. The CPE is
mathematically generalized from the capacitor, resistor, and
inductor elements according to electrical circuit theory [73].
The impedance of a CPE is given by

CPE � 1

Q(i2 f )a
(11)

where Q is the CPE parameter (F cm−2 sα−1), i—the unit
imaginary number, f—the frequency (rad s−1), andα is expo-
nent number (0 < α < 1) [72, 73]. CPE describes the ideal
capacitor with capacitance (Q) when α � 1 [72]. The CPE is
non-ideal capacitor at fitting impedance data byα � 0.8–0.95

[73]. In this case, the physical meaning of α is ambiguous
connected with non-ideality of the device [74].

The high-frequency semicircle is an attribute of the elec-
trical response of the bulk of the polycrystalline specimen.
The low-frequency semicircle is assumed to represent the
electrical properties of the highly resistive grain boundaries
[75]. The lowest frequency semicircle corresponds to the phe-
nomena at the contacts of the sample. Analysis of impedance
spectra allows estimating the bulk and grain boundary spe-
cific conductivity (σ ), specific resistance (ρ) and activation
energy (Ea) of ionic conductivity for ceramic obtained from
NPs with various calcined temperatures.

It is known that ionic conductivity is determined by oxy-
gen diffusion in zirconia, which depends on temperature
measurements (Tm). Figure 8a shows impedance spectra in
the [ImZ vs ReZ] impedance diagrams, and Fig. 8b shows
the impedance spectra in terms of distribution of relaxation
times (DRT analysis) obtained in Program RelaxIS 3 [54,
55]. These patterns demonstrated the impedance data for
ceramics obtained from NPs of different sizes; spectra are
measured at 420 °C. The experimental grain resistance (Rg)
and grain boundary resistances (Rgb1, Rgb2) is calculated
from the semicircular arcs in impedance spectra. Accord-
ing to DRT analysis, four processes with different relaxation
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Fig. 8 The impedance spectra a in the [ImZ vs ReZ] impedance dia-
grams, b in terms of distribution of relaxation times (DRT analysis).
f -frequence, γ (f )—intensity signal

times may be selected in DRT spectra. Values of relaxation
time and corresponding frequencies of these processes are
displayed in Table 2.

The process with maximal relaxation time (τ el) 0.34 s (f
� 0.47 Hz) corresponds to electrode polarization [76]. In the
equivalent scheme it is marked as electrode resistance (Re)
withCPE4 (inset in Fig. 8b). The processwithminimal relax-
ation time (τ g) of 3.34×10−7 s (high frequency—0.47MHz)
corresponds to the process that occurred in bulk [55]. For all
investigated systems, this relaxation time is the same. It is evi-
dence of the identical internal structure of formed grains from
NPs of different sizes. In equivalent scheme it is described
as bulk resistance (Rg) with CPE1, inset in Fig. 8b. Two
processes in the medium range with relaxation times (τ gb1

and τ gb2) may be linked with the grain boundaries of differ-
ent geometries. In equivalent scheme they are described as
grainboundary resistances (Rgb1, Rgb2) with CPE2 and CPE3
(inset in Fig. 8b). For ceramics sintered from NPs with T calc

above 700 °C, the values of τ gb1 and τ gb2 are shifted to the
side of low frequencies compared with ceramic from NPs
with T calc of 400–700 °C. The intensities of peaks on DRT
curves at τ gb1 and τ gb2 are changing opposite at increasing
grains in ceramic. The estimated capacities values for these
elements of the equivalent electrical scheme (Table 2) show a
higher value for gb2 element than for gb1. The order of their
capacities indicates the different sizes of such grain boundary
spaces [77]. The analysis ofCgb1 andCgb2 values shows that
the gb1 space is thicker than gb2 space. The grain capacity
regularly decreases with a grain increasing because the w/dg
is still less than 1 and parameter dg plays a significant Cg

part. Here, w is the diameter of grain-to-grain contact, and
dg is grain diameter.

Additional parameters were calculated to clarify the fea-
tures of gb1 and gb2 spaces. The blocking factor (αR) and
frequency factor (αf) are estimated as [78]

αR � Rgb
(
Rg + Rgb

) , (11)

αf � f gb0
f g

, (12)

where the Rgb, Rg—resistances of grain boundary and grain
spaces, f gb0 , f g0 —grain boundary and grain semicircle relax-
ation frequencies.

The geometric correction factors (f geo) and diameters of
grain-to-grain contact area (w) are calculated based on a
method to [79]

Rgb

Rg � fgeo
dg
w
, (13)

fgeo � 1 − w/dg
1 + w/

(
2 · dg

) , (14)

The values of αR, αf are presented in Table 2. It is known,
theαf is proportional constant to the thickness of grain bound-
ary and αR ≈ grain boundary area. It allows estimating the
grain boundary volume by multiplying them, according to
[69, 78]. Together with capacity values, these two indepen-
dence parameters show different gb1 and gb2 spaces for all
investigated systems and predicate bigger size for gb1 space.
It is noted thatαgb1

f does not depend on grain size, but theα
gb1
R

shows some growth for ceramics with grains of 200–220 nm
(NPswith T cal � 500–700 °C). Last has a higher density than
ceramics with smaller and bigger grains. The α

gb2
f does not

show growth for ceramic with grain size less 220 nm, but for
ceramic with grain sizes > 220 nm, it decreases. Parameter
of α

gb2
R is increasing at grain size growth that demonstrated

on change geometry of gb2 space due to the increase in the
diameters of grain-to-grain contact (w) and some pores for
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Table 2 Parameters of grain (g),
and two grain boundary (gb1,
gb2) spaces

Range Parameters T calc of NPs taken on synthesis ceramic at 1350 °C

400 °C 500 °C 700 °C 800 °C 900 °C

g dg (nm) 176 202 214 239 290

Rg (Ohm−1 m−1) 780 676 502 575 475

Cg (nF) 1.21 0.52 0.14 0.21 0.18

w (nm) 70.8 63.5 77.4 111 97.5

gb1 τ gb11 (μs) 3.9 4.1 3.7 4.3 4.8

f gb10 (MHz) 0.041 0.039 0.043 0.0037 0.033

Rgb1 (Ohm−1 m−1) 301 473 336 235 173

Cgb1 (nF) 12.3 14.3 37.2 53.3 50.1

α
gb1
f 0.08 0.08 0.09 0.08 0.07

α
gb1
R 0.28 0.41 0.40 0.29 0.27

δ
gb1
0 (nm) 7.3 7.31 0.79 0.95 1.06

gb2 τ gb12 (μs) 39.6 39.6 39.6 59.2 79.1

f gb20 (MHz) 0.0040 0.0040 0.0040 0.0027 0.0020

Rgb2 (Ohm−1 m−1) 988 1005 923 1478 2771

Cgb2 (μF) 1.05 0.48 0.65 0.65 0.36

α
gb2
f 0.008 0.008 0.008 0.005 0.004

α
gb2
R 0.56 0.59 0.64 0.72 0.85

δgb2 (nm) 0.2 0.22 0.05 0.08 0.15

f geo 0.13 0.18 0.18 0.13 0.13

such systems. It confirmed SEM data and density measure-
ments (Figs. 6a, 7a–d).

It was concluded that all ceramics have two grain bound-
ary spaces that differ the geometries. The parameters of α

gb1
f

and α
gb2
f practically did not depend on grain size less than

200 nm and decreased for systems that contained bigger
grains. The parameters of α

gb1
R and α

gb2
R are non-monotonic

changing with amaximum for ceramics with the grain size of
200–220 nm that show a higher density according to Fig. 6a.
It is a good agreement with estimated values of grain bound-
ary thicknesses. According to [31, 32, 79] the grain boundary
thickness calculated as

δgb � Cg

Cgb · dg. (10)

Figure 9a shows ln(σT ) versus 1000/Tm dependences for
grains (Tm—temperature of measurement), σ is calculated
using the standard method according to (6) [57]. Linear
approximation of these relations allows obtaining energy
activation of ionic conductivity (Ea

g- grain activation energy,
Egb
a —grain boundary activation energy) as a slope to the X-

axis. Figure 9b shows the changing the Eg
a from T cal of NPs

(or NPs size). According to data estimated from (6), Eg
a of

bulk oxygen diffusion doesn’t change for all measured sam-
ples. It is evidence that forming a defective crystal structure
of grain bulk depends on the sintering temperature values of
ceramic. Energy activation of bulk ion diffusion (E � 0.9 eV)
is closed to estimated value for zirconia ceramic [80]. The
Ea value of bulk oxygen diffusion varies from 0.8 to 1.0 eV
depending on yttria contents in zirconia matrix.

Also, using Eq. (6), the activation energy values for ionic
conductivity on grain boundary (Egb

a ) are estimated. They
are higher than bulk Ea and show a weak growth with the
rising of grains sizes (NPs sizes used for ceramic sample
manufacturing), see Fig. 9b. However, in some work [74],
authors proposed the necessity of correction of σ values on
grain boundary thickness in the framework of the bricklayer
model because the defects amount in grain and intergrain
space may be different.

Corrected σ named σ sp is obtained according to

σ
sp
gb � L · δgb

S · dg · Rgb . (11)

After the correction of σ by δgb the estimated Egb
a values

decreases (Egb
a cor), see Fig. 9b, the correction values of E

gb
a cor

are closed to Eg
a , especially for ceramic synthesized fromNPs

with T cal in range 500–700 °C (NPs sizes are 12–18 nm). As
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Fig. 9 Dependences a ln(σT ) versus 1000/T for grains, b energy activa-
tion for processes in ceramic grain and boundary (Eg

a and E
bg
a estimated

from approximations (6) and (11))

noted above, these ceramics have a higher densities (Fig. 6a).
Thus, the ceramics based on NPs with small sizes show sim-
ilar characteristics of grain and grain boundary spaces. NPs
less than 20 nm in size can be recommended for the technol-
ogy of zirconia ceramics used in energy applications.

3.3.3 Electrical Potential Generation in Y-Doped Zirconia
Powders with Different Sizes in a Humid Atmosphere

Figure 10a presents the dependence of electrical potential
which was generated in compact pressed from Y-doped zir-
conia powders with different sizes. The humidity of air was
80% at measurements. This dependence has non-monotonic
characters with a maximum for a system with NPs size of
18 nm (T cal � 700 °C).

It is noted that the compacts from these NPs show higher
green density that gives good contacts between NPs and

Fig. 10 Influence of Tcal of NPs on a electric potential generation
and b integral acidity to surface. pHsuspension—pH of suspension,
tsuspension—time of suspension

determined porous space (Fig. 6b). The NPs surface state
and types of the hydrated shell formed on NPs surface plays
are essential in this electrophysical process. According to
Fig. 6b, this NPs system shows low ζ -potential. Powders
with small sizes less 12 nm (T cal � 400–500 °C) show sim-
ilar values of water sorption. The increasing of NPs sizes
leads decreasing of water sorption 3 and 10 times for NPs
calcined at 700 (18 nm) and 1000 °C (35 nm) (Fig. 11a),
but the Ssa values change in set of 115, 95, 49, 18 m2/g for
pressed powders with T cal: 400,500, 700, and 1000 °C.

Figure 10b shows the integral surface acidity of NPs with
different sizes (T calc). Data of pH-metry indicates chang-
ing of integral acidity from acidic (for NPs with T cal �
400–500 °C) to close to neutral for NPs calcined at 700 °C
and weakly basic for NPs calcined at 1000 °C. The presence
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Fig. 11 Kinetics of a water sorption and b water layer number on Zir-
conia NPs with different T cal (NPs size). mH2O, Amount of adsorbed
water (%), nH2O, Number of layer water, t, Adsorption time

of Lewis and Bronsted acidic and basic sites determines the
NPS surface’s integral acidity [52]. The basic properties of
the surface appear for NPs with T cal > 700 °C when the basic
Lewis and Bronsted sites begin to predominate [42], Figs. 6b
and 10b. It leads to a difference in types of sorption char-
acteristics of NPs and bonding strength of water molecules
with surface. For NPs with acidic and basic sites on surfaces,
water sorption occurs quickly on the beginning stage and
molecules strongly connected with NPs surfaces for pow-
ders with T cal � 400 °C and 1000 °C. For NPs with T cal �
700 °C, water sorption in the beginning stage occurs more
slowly due to less strength linking water with the surface.
As a result, water is more labile on such NPs surface, and it
dissociates to a lesser extent. It is confirmed by ζ -potential
values and integral acidity (Figs. 6b, 10b). It will be noted,

the forming of two water layers is observed for all NPs sys-
tems on the beginning stage of sorption. At the same time,
the specific number of water layers in hydrated zirconia NPs
decreases at the growth of NPs sizes (or T cal), Fig. 11b.

Thus, we can propose that the combinations of factors,
namely a high density of green compact, integral acidity
closed to neutral and low ζ -potential value, are provided high
ability to generate electric potential on compact powder sam-
ple.

4 Conclusion

The possibility of the organization of work in a physico-
chemical laboratory in the SmartLab concept was shown.
The laboratory is described as a module structure in which
the blockof synthesis is themain component. Protocol of syn-
thesis of amorphous and crystalline zirconia with necessary
functional properties is writing based on the understanding
of crucial criteria for separate synthesis stage and marking
the required feedback between powders producers and pow-
ders investigators and users. The scheme of working process
organization is seen an example of the obtaining of materials
for energy applications. In the described structure of a labo-
ratory, nanomaterials’ engineering for energy applications is
optimized through “key parameter of synthesis—key struc-
ture criterion” link. It allows writing protocol of nanosized
zirconia synthesis based on o correlation I “zirconium salt
concentration—powder dispersity” and correlation II “Cal-
cined temperature—Nanoparticles sizes”. It allows obtaining
dispersive zirconia nanoparticles with predetermined sizes.

The correlation “material characteristics—material func-
tionality” is built based on data of electrophysical properties
of ceramic sintered from NPs with different sizes. It was
shown that electrophysical properties of pressed green com-
pacts and sintered ceramic correlate with their densities. It
was shown that the ceramic density affects electrophysical
properties more significantly than grain size.

It was shown that the use of powders with sizes 18–24 nm
in technologies of SOFC and “humidity to electricity” is
preferable. It is connected with the dispersity of such pow-
der and their low surface potential that allows forming the
pressed powder compacts and ceramics of high density
needed for excellent electrophysical properties of zirconia.
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