Article

UDC 621.35:621.382.3:546.77
d_) https://doi.org/10.31489/2025PH3/16-30

Received: 29.05.2025
Accepted: 26.06.2025

S. Adaikhan, K.Zh. Bekmyrza, A.A. Baratova™, A.M. Kabyshev, P. Rajagopal,
N.K. Aidarbekov, K.K. Kuterbekov, M.M. Kubenova, M.D. Kuanysh

L.N. Gumilyov Eurasian National University, Astana, Kazakhstan

Development and Characterization of Nanostructured
Ni—Sc¢SZ Composite Anodes for Solid Oxide Fuel Cells

A thorough investigation was carried out on nickel-based anode composites with scandia-stabilized zirconia
(Ni/ScSZ), fabricated using ceramic processing techniques from powders with varying particle sizes. The
study emphasizes the role of initial component morphology and their ratios on sintering behavior, electrical
conductivity, and polarization resistance under solid oxide fuel cell (SOFC) operating conditions. Samples in-
corporating nano-, submicron-, and micron-sized particles were comparatively analyzed to determine the
most favorable parameters for constructing a percolative conductive network and reducing polarization loss-
es. Experimental data obtained through dilatometry, electrical measurements, and electrochemical impedance
spectroscopy confirmed that the use of nanoscale constituents leads to the formation of a dense and uniform
microstructure with well-distributed porosity. Such features enhance both thermal stability and electrochemi-
cal performance. The findings highlight the potential of Ni/ScSZ-based materials as a viable alternative to
conventional Ni/YSZ anodes, owing to their improved ionic conductivity and enhanced resistance to degrada-
tion, thus contributing to the advancement of more durable and efficient SOFC technologies.
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Introduction

Solid oxide fuel cells (SOFCs) utilizing yttria-stabilized zirconia (YSZ) as the electrolyte represent one
of the most promising technologies for converting chemical energy of fuels into electricity, owing to their
high efficiency and environmental benefits. Currently, nickel-YSZ cermet (Ni/YSZ) is widely employed as
the anode material in such systems due to its excellent electrocatalytic activity in hydrogen and syngas oxi-
dation reactions [1, 2]. However, the stable and efficient operation of SOFCs with this type of anode typical-
ly requires elevated temperatures (above 800 °C), which imposes limitations on the selection of compatible
materials for other cell components and increases the demands on the thermal and chemical durability of the
overall structure [3, 4].

To reduce the operating temperature and enhance the durability of anodes, intensive research is being
conducted to improve their catalytic and transport properties. Key strategies include tailoring the microstruc-
ture of anode materials and replacing the conventional YSZ electrolyte with solid electrolytes exhibiting
higher ionic conductivity [5, 6]. Among the most promising alternatives is scandia-stabilized zirconia
(ScSZ), which demonstrates oxygen ion conductivity that is two to three times higher than that of YSZ. In-
corporating ScSZ into the anode cermet enhances the electrochemical performance by extending the active
triple-phase boundary and reducing the tendency for carbon deposition during the operation with hydrocar-
bon fuels [7, 8].

This issue is particularly critical for cermet-based anodes employing scandia-stabilized zirconia (ScSZ),
which lacks intrinsic electronic conductivity. In such systems, the electrochemical performance strongly de-
pends on the quality of the interface between the electronic and ionic phases. When the chemical composi-
tion is fixed, the functional characteristics of the anode can be significantly enhanced by introducing
nanostructured components. These materials increase the density of active triple-phase boundaries, facilitate
charge transfer, and reduce polarization losses. Another promising strategy involves engineered macrostruc-
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turing of the electrode architecture to optimize gas diffusion pathways and ensure long-term stability under
extended operation [9-13].

Accordingly, the objective of this study is to develop and characterize nanostructured Ni-ScSZ compo-
site anodes and to evaluate how particle size and phase ratio influence the microstructure, electrical conduc-
tivity, polarization resistance, and sintering kinetics of anodes intended for solid oxide fuel cells (SOFCs).
The findings aim to identify optimal processing conditions for fabricating high-performance anodes and con-
structing a model fuel cell with elevated specific power output.

Materials and methods

Initial powders

Initial powders of NiO and ScSZ with nano- and submicron-scale particle sizes were employed in this
study, differing in both chemical nature and synthesis technique. Nanopowders of NiO (Ni-n) and ScSZ
(ScSZ-n, containing 10.5 mol% Sc,Os3) were synthesized by the methods of wire electrical explosion [14]
and laser evaporation [15], respectively. These synthesis routes are known to produce materials with high
surface reactivity and a dense population of electrochemically active sites.

As submicron materials, a commercial NiO powder from the Ural Chemical Reagents Plant (Ni-m) and
thermally treated ScSZ-n powder were used. The ScSZ-n powder was calcined at 1000 °C for 4 hours and
then manually ground to obtain submicron-sized ScSZ (ScSZ-m). These materials exhibited lower specific
surface areas (2.7 and 8.4 m?%/g, respectively) and significantly larger particle sizes-up to 325 nm for Ni-m
and 125 nm for ScSZ-m—suggesting pronounced aggregation and crystallite growth during the heat treat-
ment process.

Table 1 summarizes the nomenclature and key physicochemical properties of the precursor powders
used for the fabrication of the anode composites. The table includes chemical composition, specific surface
area determined by the Brunauer—Emmett—Teller (BET) method (Sser), equivalent particle diameter calcu-
lated from BET data (dger), and theoretical density (Vieor). Analysis of these data reveals that the nanopow-
ders Ni-n and ScSZ-n exhibit significantly higher surface areas (14.3 and 81.5 m?/g, respectively) and small-
er equivalent particle sizes (56 and 13 nm, respectively) compared to their submicron counterparts, Ni-m and
ScSZ-m. These characteristics confirm their nanoscale nature, reflecting a high degree of dispersion and a
developed surface morphology that favors enhanced phase interaction in the composite anodes. In contrast,
the submicron powders show signs of particle agglomeration and growth, particularly in the case of Ni-m
(dser = 325 nm), which may adversely affect mass transport and reduce the density of electrochemically ac-
tive regions in the final electrode structure. Despite these morphological and textural differences, the theoret-
ical density remains constant for powders of identical chemical composition, as it is an intrinsic property of
the bulk material.

Table 1
Nomenclature and properties of the initial powders
Designation Composition a B (fm®)  |Vatheor, g/smy
Ni-n NiO 14.3 56 6.80
Ni-m NiO 2.7 325 6.80
ScSZ-n Z10.815¢0.1901.905 81.5 13 5.67
ScSZ-m Z10.815¢0.1901.905 8.4 125 5.67

Figure 1 presents the morphology of the four powders studied, as observed using transmission electron
microscopy (TEM) performed on a Jeol JEM-2100 instrument. Analysis of the micrographs in Figure 1 re-
vealed that the ScSZ-n nanopowder (Fig. 1a) consists of uniformly distributed, near-spherical particles with
a low degree of agglomeration. The particles appear well-dispersed, indicating the high efficiency of the la-
ser evaporation technique employed in their synthesis.

In contrast, the ScSZ-m powder (Fig. 15), obtained through calcination followed by mechanical grind-
ing, exhibits irregularly shaped aggregates with a clumped morphology, indicating a strong tendency for par-
ticle agglomeration after thermal treatment.

The NiO nanopowder (Ni-n), shown in Figure 1c, consists of nearly spherical particles with minimal
aggregation; the majority of the particles fall within the expected size range of 50—60 nm.
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Figure 1. Microstructure of ScSZ and NiO powders with different particle sizes,
obtained by transmission electron microscopy (Jeol JEM-2100): (a) ScSZ-n; (b) ScSZ-m; (c) Ni-n; (d) Ni-m

Meanwhile, the submicron NiO powder (Ni-m) presented in Figure 1d reveals a pronounced bimodal
particle size distribution: along with fine fractions (~200 nm), large, well-faceted crystallites up to 1-1.5 pm
are also observed. Such morphology may adversely affect the homogeneity and electrical conductivity of the
resulting anode composites.

Sample preparation

Three types of samples were prepared from the synthesized composite powders for studying sintering
kinetics, electrical conductivity, and polarization resistance. To investigate sintering behavior, disk-shaped
specimens with a diameter of 8 mm and a thickness of approximately 2 mm were fabricated using magnetic
impulse pressing, achieving a relative density of 0.65-0.68. The sintering measurements were conducted in
air within a temperature range of 20—1500 °C using a Dil 402C dilatometer.

To measure electrical conductivity, the composite powders were statically pressed into rectangular bars
measuring 3x2x30 mm, with a relative density of 0.65. The optimal mass and pressing pressure were select-
ed to ensure sample reproducibility. The Ni-n/ScSZ-n and Ni-n/ScSZ-m composites were sintered at
1200 °C, while the Ni-m/ScSZ-m composition was sintered at 1400 °C, with a dwell time of 4 hours in each
case. After sintering, platinum probes with a diameter of 0.2 mm were attached to the samples. The speci-
mens were then reduced in a hydrogen atmosphere at 900 °C for 1 hour. Electrical measurements were car-
ried out using the four-probe DC method in humidified hydrogen (3 % H,O) in the temperature range of
700-900 °C in 50 °C increments using a Solartron SI-1260/1287 system. The density of the reduced samples
was determined by hydrostatic weighing.

Polarization resistance of the anodes was measured using impedance spectroscopy on symmetrical cells
with a solid-state ScSZ electrolyte in the form of a disk. The electrolyte was fabricated from a green tape
composed of 87.2 wt.% ScSZ-n, 10 wt.% polyvinyl butyral (PVB), and 2.8 wt.% triethylene glycol di-
methacrylate (TEGDMA). Circular disks with a diameter of 15 mm were cut from the tape, uniaxially
pressed at 300 MPa, and sintered at 1250 °C for 4 hours. The resulting dense electrolyte pellets had a diame-
ter of approximately 12 mm and a thickness of about 0.3 mm. Anode layers were applied by a painting tech-
nique using an ink composed of isopropanol, 82.1 wt.% Ni/ScSZ powder, 14 wt.% PVB, and 3.9 wt.%
TEGDMA. The thickness of the deposited layers ranged from 20 to 30 pm. Firing of the anode layers was
carried out in air at 1200 °C for Ni-n/ScSZ-n, 1250 °C for Ni-n/ScSZ-m, and 1300 °C for Ni-m/ScSZ-m
composites, with a uniform dwell time of 4 hours. Prior to measurements, the electrodes were reduced in a
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hydrogen atmosphere at 900 °C for 1 hour. Impedance measurements were performed in the frequency range
from 0.1 Hz to 1 MHz, with an input signal amplitude of 10 mV, in the temperature range of 700900 °C
with 50 °C increments.

Results and discussion

Sintering kinetics

Figure 2 presents the temperature-dependent relative shrinkage curves for the initial powders and the
composite materials derived from them.
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Figure 2. Linear shrinkage curves of compacted samples made from the initial powders
and their corresponding composite materials

Analysis of the data reveals that samples prepared from nanoscale NiO (Ni-n) and ScSZ (ScSZ-n) pow-
ders complete the sintering process at temperatures below 1200 °C, with a divergence of no more than 2.5 %
between their respective shrinkage curves. In contrast, samples formed from submicron powders (Ni-m and
ScSZ-m) exhibit a shift in the onset of intensive shrinkage by 200-250 °C toward higher temperatures. Fur-
thermore, the divergence between their shrinkage curves at 1200 °C reaches 5.4 %.

Composites incorporating the nanosized NiO component (Ni-n), specifically 30Ni-n/70ScSZ-n,
50Ni-n/50ScSZ-n, 30Ni-n/70ScSZ-m, and 50Ni-n/50ScSZ-m, exhibit a shift in the sintering temperature
range to higher values—by approximately 50-80 °C-compared to their individual constituents. It was found
that increasing the volume fraction of NiO in the composite leads to a higher sintering temperature and a re-
duction in total shrinkage. For Ni-n/ScSZ-n composites containing 30 and 50 vol.% Ni, the mismatch in
shrinkage with the ScSZ-n electrolyte was approximately 3 % and 4.5 %, respectively. Similar trends were
observed in the Ni-n/ScSZ-m and Ni-m/ScSZ-m systems, although the effect was less pronounced in the
Ni-n/ScSZ-m series. This is likely attributed to the slower sintering kinetics of the coarser ScSZ-m powder,
which plays a dominant role in the overall densification behavior of the composite.

Electrical conductivity of cermet composites

Figure 3 presents the dependence of electrical conductivity on the nickel volume fraction for three types
of Ni/ScSZ anode composites measured at 900 °C. Analysis of these curves reveals several important in-
sights into the nature of charge transport and the structural characteristics of the studied materials. According
to the data presented in Figure 3, a sharp increase in electrical conductivity is observed when the nickel con-
tent exceeds 30 vol.%. This phenomenon is attributed to reaching the percolation threshold, beyond which a
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continuous electron-conducting network formed by metallic nickel is established throughout the material.
Below this threshold, conductivity is predominantly ionic in nature, governed solely by the solid electrolyte
ScSZ.
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Figure 3. Electrical conductivity of three types of Ni/ScSZ anode composites at 900 °C
as a function of nickel volume content (cross symbols indicate the relative density of the samples
after reduction in hydrogen—right axis)

A comparative analysis of the three types of composites—Ni-n/ScSZ-n, Ni-n/ScSZ-m, and Ni-m/ScSZ-
m-reveals distinct features in the transition from ionic to electronic conductivity (Fig. 3). In the Ni-n/ScSZ-n
composite, this transition occurs more abruptly and is shifted toward higher nickel concentrations (~35
vol.%), which is likely due to the mismatch in particle sizes between the Ni-n nanoparticles (ABET = 56 nm)
and the nano-sized ScSZ electrolyte (ABET = 13 nm). During composite preparation, the smaller ScSZ parti-
cles tend to envelop the larger Ni particles, thereby hindering the formation of continuous electronic path-
ways.

In the Ni-n/ScSZ-m composite, which incorporates nanostructured nickel (Ni-n) and submicron-sized
electrolyte (ScSZ-m), the transition to electronic conductivity appears more gradual (Fig. 3). This behavior
may be attributed to the lower surface area of ScSZ-m, which results in less extensive coverage of Ni parti-
cles and, consequently, an earlier formation of a continuous electronic network. Such morphological charac-
teristics promote a more uniform distribution of nickel and improved interparticle contact, reflected in a
steady increase in overall conductivity.

For the Ni-m/ScSZ-m composite, composed of submicron components, the conductivity increases more
gradually, with the transition from ionic to electronic conduction occurring near 30 vol.% Ni. This behavior
is attributed to the lower active surface area and coarser structure of the powders, which hinder the formation
of continuous conductive pathways. Additionally, the increase in NiO content leads to a reduction in the
sample density due to its reduction to metallic Ni—an effect associated with a significant volumetric expan-
sion (~41 %) during the reduction process [16].

Figure 3 also presents the values of relative density after reduction (indicated by cross-marked symbols
on the right axis). It can be observed that an increase in Ni content leads to a decrease in density due to in-
creased porosity, which also affects the overall conductivity behavior.

Polarization resistance

Figure 4 displays the temperature-dependent electrical conductivity of various anode composites based
on nanoscale nickel (Ni-n) and submicron electrolyte ScSZ-m. In part (a) of the figure, it is evident that the
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conductivity of the 30Ni-n/70ScSZ-m and 40Ni-n/60ScSZ-m composites decreases with increasing tempera-
ture, indicating the predominance of metallic (electronic) conduction.
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Figure 4. Temperature dependences of conductivity for composite mixtures: a) 40Ni-n/60ScSZ-m, 30Ni-n/70ScSZ-m,
b) 20Ni-n/80ScSZ-m, 10Ni-n/90ScSZ-m, ScSZ-m

Such behavior is characteristic of composites containing more than 30 vol.% of nickel, where a contin-
uous electronically conductive network is formed.

Part (b) of Figure 4 displays the conductivity behavior of compositions with lower nickel content — 10
and 20 vol.%. These composites exhibit an increase in conductivity with rising temperature, indicating an
ionic conduction mechanism, which is characteristic of the ScSZ-based electrolyte matrix. The pure ScSZ
composition, without any Ni addition, serves as a reference sample and shows the lowest conductivity values
across the entire temperature range, further confirming its purely ionic conductivity nature.

The analysis of the impedance spectra presented in Figure 5 highlights the influence of the gas atmos-
phere on the impedance response of a symmetric cell featuring a S0Ni-n/50ScSZ-m anode composition at
900 °C. The impedance plots are shown in the complex plane format (Re(Z), -Im(Z)), with the real part of
the impedance (Ohm) on the x-axis and the negative imaginary component (Ohm) on the y-axis, oriented
downward—consistent with the standard representation of Nyquist plots.

Figure 5 presents three impedance spectra corresponding to different gas compositions: 100 %, 50 %,
and 25 % hydrogen diluted with argon.

Each spectrum exhibits the shape of two overlapping semicircles, with each arc representing a distinct
electrochemical process occurring at the anode. The high-frequency arc, located on the left side of the
Nyquist plot, is associated with charge transfer across the electrode—electrolyte interface and is characterized
by the resistance Ry-nr. In contrast, the low-frequency arc on the right side is attributed to diffusion and sur-
face-related phenomena such as hydrogen adsorption, transport, and electrochemical conversion. This arc is
described by the resistance Ry-rr.

The equivalent circuit shown in the inset of Figure 5 consists of a series resistance Rs (ohmic re-
sistance) and two parallel RC elements (or constant phase elements, CPEs), representing the polarization re-
sistances Ry.ur and Ry..F.
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Figure 5. Impedance spectra of the 5S0Ni-n/50ScSZ-m electrode measured at 900 °C in hydrogen atmospheres
of varying concentration (inset—equivalent circuit diagram)

The duplication of these resistances in the model stems from the symmetrical configuration of the cell,
where identical anodes on both sides contribute equally to the overall impedance.

Analysis of the arc shapes and sizes indicates that as hydrogen concentration decreases, the most signif-
icant changes occur in the low-frequency region: the radius of the low-frequency arc (Ry..r) increases mark-
edly when transitioning from 100 % to 25 % H,. This trend reflects a deterioration in surface activity and
increased difficulty of hydrogen diffusion, particularly along the triple-phase boundary. Thus, lowering the
hydrogen partial pressure reduces the efficiency of the anodic processes, as evidenced by the rise in polariza-
tion resistance. Meanwhile, the high-frequency component (R..ur), associated with charge transfer across the
anode/electrolyte interface, remains virtually unchanged, indicating stable interfacial contact and minimal
influence of gas composition on this mechanism [17].

Thus, the total polarization resistance of the anode (R = Ry-ur + Ry-1r) increases with decreasing hydro-
gen concentration, primarily due to the rise in Ry-rr. These findings confirm the high sensitivity of the
50Ni-n/50ScSZ-m composite to the composition of the reducing atmosphere and emphasize the critical role
of gas environment control in the operation of SOFC anodes.

Figure 6 illustrates the temperature-dependent behavior of the total polarization resistance of Ni/ScSZ
anode composites, as well as its high-frequency and low-frequency components.

Analysis of the data shows that the high-frequency contribution (Ry.ur) exhibits typical thermally acti-
vated behavior and follows an Arrhenius-type dependence. This indicates that charge transfer across the in-
terface between the ionically and electronically conductive phases is an energetically driven process. The
observed trend reflects temperature-sensitive kinetics and underscores the effectiveness of interfacial interac-
tions near the triple-phase boundary.
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Figure 6. Temperature dependence of the polarization resistance of Ni/ScSZ composite anodes:
(a) total polarization resistance as a function of temperature; (b) temperature dependence of the high-frequency
component; (c) temperature dependence of the low-frequency component

Analysis of graph (b) in Figure 6, which illustrates the temperature dependence of the high-frequency
component of polarization resistance (Rn.ur), clearly highlights the effect of particle size on charge transfer
efficiency at the electrode—electrolyte interface. The lowest resistance values (ranging from 0.2 to
0.3 Ohm-cm? at 900 °C) were observed for the anode composed of nano-sized nickel and nano-structured
electrolyte (SONi-n/50ScSZ-n). The second-best performance was demonstrated by the anode based on nano-
nickel and submicron electrolyte (50Ni-n/50ScSZ-m), which exhibited a slightly higher resistance in the
range of 0.4-0.6 Ohm-cm?. Despite the reduced dispersion of one phase, the composite based on nano-nickel
and submicron electrolyte still maintains favorable electrochemical performance, underscoring the predomi-
nant role of the metallic component’s dispersion. The highest Ry.ur values (approximately 0.8—1.0 Ohm-cm?)
were observed for the anode entirely composed of submicron powders (50Ni-m/50ScSZ-m). This increased
resistance is attributed to the less developed microstructure and the limited number of effective contacts be-
tween the conducting and ionic phases, resulting in a lower density of active triple-phase boundaries. All the
presented curves follow an Arrhenius-type trend, confirming the thermally activated nature of the high-
frequency process and its sensitivity to temperature. Part (c) of Figure 6 presents the temperature dependence
of the low-frequency component of the polarization resistance (R..rr), which is primarily associated with
surface and diffusion-related processes. Unlike the high-frequency contribution, the temperature dependence
of Ryir is relatively weak. The resistance values remain nearly constant, averaging around
0.3 +0.2 Ohm-cm?. This indicates that mass transport and adsorption phenomena at the anode surface are not
significantly influenced by temperature within the studied range. The similarity of R values across all an-
ode types can be attributed to their comparable porosity (~55+ 10 %), as confirmed by water absorption
measurements.

Figure 7 presents SEM images of fracture cross-sections of symmetrical cells with an “electrode—
electrolyte—electrode” architecture, incorporating different types of anodes: 50Ni-n/50ScSZ-n,
40Ni-n/60ScSZ-m, and 40Ni-m/60ScSZ-m.
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Figure 7. SEM images of fracture cross-sections of “electrode—electrolyte—electrode” structures
with different types of electrodes: (a) electrode type—50Ni-n/50ScSZ-n; (b) electrode type—40Ni-n/60ScSZ-m;
(c) electrode type—40Ni-m/60ScSZ-m

The analysis of these micrographs shows that, in all samples, the solid electrolyte layer is densely sin-
tered and free of visible structural defects such as cracks or voids, indicating high sintering quality. The elec-
trodes are firmly bonded to the electrolyte, with clearly defined interfaces and no signs of delamination or
poor adhesion, confirming the mechanical integrity and suitability of the fabricated composite structures for
high-temperature SOFC operation.

Furthermore, a strong visual cohesion between the electrode and electrolyte is evident, with no detecta-
ble separation or interface discontinuity—an essential criterion for maintaining long-term electrochemical
stability under thermal cycling conditions. In all three cases, the porosity within the electrode layer appears
uniformly distributed, with pore sizes predominantly in the submicron range. This morphology is beneficial
for gas permeability and enhances the effective area of the triple-phase boundary, which is critical for effi-
cient electrochemical reactions in SOFC anodes.

Additionally, the interface between the nickel-based anode and the electrolyte was examined using en-
ergy-dispersive spectroscopy (EDS), the results of which confirmed a homogeneous distribution of nickel
within the near-surface region and the absence of diffusion zones depleted in conductive phases (Fig. 8).
This effect was particularly evident in the anodes containing nanostructured nickel (50Ni-n/50Sc¢SZ-n and
40Ni-n/60ScSZ-m), where the high dispersity of the metallic phase ensured closer phase contact and a higher
density of conductive pathways.

Figure 8 presents the results of energy-dispersive spectroscopy (EDS) conducted at the electrode—
electrolyte interface for symmetrical cells incorporating different types of anodes: 50Ni-n/50ScSZ-n,
40Ni-n/60ScSZ-m, and 40Ni-m/60ScSZ-m.
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10prm

Figure 8. EDS analysis of Ni distribution at the electrode—electrolyte interface for different electrode types:
(a) electrode type—50Ni-n/50ScSZ-n; (b) electrode type—40Ni-n/60ScSZ-m;
(c) electrode type—40Ni-m/60ScSZ-m

The data in Figure 8 reveal that the degree of continuity and uniformity in nickel distribution across the
electrode—electrolyte interface varies depending on the morphology and dispersity of the composite constitu-
ents. In particular, the sample with the 40Ni-n/60ScSZ-m composition (Fig. 85) demonstrates the most uni-
form and compact contact with the electrolyte. This is attributed to the synergistic effect of nanostructured
nickel and submicron-scale ScSZ, which promotes the development of an extended three-phase boundary.
The presence of a high density of triple-phase contact points (Ni-ScSZ—gas) in this configuration facilitates
enhanced charge transfer and more efficient initiation of electrochemical reactions.

The 50Ni-n/50ScSZ-n sample (Fig. 8a), despite containing nanostructured components in both phases,
exhibits a less continuous interfacial contact. This may be attributed to an imbalance in particle size distribu-
tion and potential phase overlap during suspension mixing, which could hinder the formation of a well-
integrated composite structure.

The composite 40Ni-m/60ScSZ-m (Fig. 8¢), composed of submicron powders, exhibits the sparsest dis-
tribution of nickel at the electrode—electrolyte interface, indicating a lower density of effective active zones.
Accordingly, based on the composition and dispersity of the components, a trend can be established in the
increasing density of the interfacial contact zone—and, consequently, the concentration of active triple-phase
boundaries—as follows: m—m < n—n < n—m. These findings align well with previously obtained polarization
resistance data, where samples with more developed interfacial microstructures displayed lower Rn values,
thereby confirming the critical role of microstructural architecture in determining anode performance effi-
ciency.

Figure 9 presents the concentration-dependent behavior of the total polarization resistance (Rn) for four
different types of Ni/ScSZ-based anodes: Ni-n/ScSZ-n, Ni-n/ScSZ-m, Ni-m/ScSZ-m, and Ni-n/ScSZ-n-film,
measured at 800 °C and 900 °C. The analysis of these trends provides insight into the influence of both the
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dispersion of the component powders and the method of anode structure formation on the electrochemical
performance of the composites.
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Figure 9. Dependence of the total polarization resistance Rn of three types of composite anodes
on Ni content in the composite at 800 and 900 °C

The most significant reduction in polarization resistance is achieved when nanostructured nickel is
combined with a submicron electrolyte (Ni-n/ScSZ-m), particularly at a Ni content of approximately
40 vol.%, where a distinct minimum in Rn is observed. This improvement is attributed to the formation of an
optimal triple-phase boundary and a more efficient distribution of conductive pathways. A similar minimum
is also evident for Ni-m/ScSZ-m anodes; however, their polarization resistance values are higher due to a
lower active surface area and a coarser microstructure. These findings are consistent with the results reported
in [18], which examined a Ni/YSZ anode prepared via co-precipitation.

The Ni-n/ScSZ-n anode exhibits the lowest polarization resistance at 900 °C (~0.56 Ohm-cm?), with on-
ly a slight increase to ~0.9 Ohm-cm? when the temperature is reduced to 800 °C, indicating excellent thermal
stability. The Ni-n/50ScSZ-n-film anode, prepared via tape casting and co-sintering, also shows consistently
low polarization resistance across the investigated temperature range. At 800 °C, its resistance is approxi-
mately 0.85 Ohm-cm?, decreasing to around 0.75 Ohm-cm? at 900 °C, which is characteristic of thermally
activated charge transfer processes. Despite its denser structure and lower porosity compared to samples fab-
ricated via screen-printing, the film-based anode maintains high electrochemical performance. This high-
lights the effectiveness of interface formation during the casting process, as well as the presence of a suffi-
ciently developed triple-phase boundary that supports favorable conditions for electrochemical reactions.

Table 2 summarizes the activation energy (E,) values for Ni/ScSZ anode composites with varying parti-
cle size distributions at nickel volume concentrations of 30 %, 40 %, and 50 %. Analysis of the data reveals a
pronounced impact of microstructural parameters on the kinetics of electrode processes. For the Ni-n/ScSZ-n
composition—where both components are nanostructured—the activation energy reaches 65.5+ 5.1 kJ/mol,
which is significantly higher compared to the other formulations. This value notably exceeds the typical acti-
vation energy associated with surface reactions, suggesting a more complex or energy-intensive charge trans-
fer mechanism in this microstructure.

OHni + Hxi = H2Oni+ Ni (D

This surface reaction exhibits an activation energy of 42.7 kJ/mol and is likely the dominant contributor
to the polarization resistance observed in the electrodes studied in this work. It represents a model anodic
electrochemical process in solid oxide fuel cells (SOFCs), describing the surface interaction between ad-
sorbed hydroxyl (OH) and hydrogen (H) species on the nickel surface, leading to the formation of water and
the concomitant reduction of nickel. This reaction can be considered a simplified depiction of one of the el-
ementary steps involved in the electrochemical oxidation of hydrogen at the anode.
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Table 2
Activation energy of the electrode process
Composite Type Eq4, kJ/mol
Ni/ScSZ Cni =30 vol.% Cni =40 vol.% Cni =50 vol.%
n/n - 36.549.8 65.5+5.1
n/m 33.3+2.8 43.3+4.9 42.94+4.6
m/m 32.1+4.8 48.9+2.8 44.446.8
n/n-film - — 40.0+6.0

This increase in the activation energy barrier is likely associated with the specific microstructural fea-
tures of the composite formed during bulk pressing and sintering. In particular, excessive overlapping of the
ScSZ-n nanoparticles—lacking electronic conductivity—may reduce the effectiveness of the interfacial con-
tact between phases, thereby hindering charge transfer across the triple-phase boundaries.

Support for this microstructural influence hypothesis comes from the results obtained for the
Ni-n/ScSZ-n-film sample, fabricated using a lamination technique. Despite having an identical chemical
composition and particle dispersion, this film-type anode exhibited a significantly lower activation energy of
40.0 £6.0 kJ/mol compared to its bulk-pressed counterpart. This observation underscores the critical im-
portance of controlled microstructure formation, which enables more favorable conditions for interfacial in-
teraction and efficient charge transfer between phases.

An analysis of the impedance spectra for cells with 50Ni-n/50ScSZ-n electrodes, based on the data pre-
sented in Figure 10, highlights the influence of electrode fabrication techniques on the electrochemical char-
acteristics of the cells.

| ! | ! |
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Figurel0. Impedance spectra of cells with S0Ni-n/50ScSZ-n electrodes:
(I)—cells with electrodes applied by painting; (2)—cells with electrodes applied by co-sintering

The spectra allow for a comparison between two types of electrodes prepared by different methods: the
first sample (curve 1) was produced using the traditional ink-based painting technique to apply the anode
layer, while the second (curve 2) involved co-sintering of pre-formed film laminates.

The impedance spectra shown in Figure 10 provide insight into the effect of electrode fabrication meth-
ods on the polarization behavior of the anodes. A comparison of the two samples, represented by curves (1)
and (2), reveals that the second electrode (curve 2) exhibits a lower high-frequency component of the polari-
zation resistance (R..ur), indicating more efficient charge transfer at the electrode—electrolyte interface. This
reduction in resistance is likely attributed to the formation of a denser and more uniform interface achieved
through the co-sintering method, which reduces defects commonly associated with electrodes applied via
painting techniques.

At the same time, the low-frequency component (R,..r) shown in Figure 10, which is associated with
diffusion processes within the porous anode structure, is higher for the second sample. This is likely due to
reduced porosity, which limits the transport of gaseous species. Nevertheless, the total polarization resistance
of the anode corresponding to curve (2) remains comparable to or even lower than that of the anode fabricat-
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ed by the conventional painting method. These findings highlight the potential of alternative electrode fabri-
cation techniques for enhancing the electrochemical performance of solid oxide fuel cells (SOFCs) [19, 20].

Conclusion

This study presents a comprehensive investigation into the effects of particle size distribution and
volume ratio of components in Ni/ScSZ-based cermet composites—comprising nickel and scandia-stabilized
zirconia (Sc20Os-stabilized ZrO;)—on their sintering behavior, electrical properties, and electrochemical
performance as anodes for solid oxide fuel cells (SOFCs). The composites were synthesized using nano- and
submicron-sized powders of NiO and ScSZ (10.5 mol% Sc»03), with particle sizes ranging from 20 to
330nm. Three types of composites differing in phase dispersity were examined: “nano—nano”, ‘“nano—
micro”, and “micro—micro”, with the nickel volume fraction varied between 10 and 50 vol%.

It was established that the percolation threshold, marking the transition from purely ionic to mixed
ionic-electronic conductivity, is influenced by the particle size ratio of the composite constituents: for the
“nano—nano” system, the threshold occurs at approximately 35 vol% Ni, while in other systems it is reached
around 30 vol%. The lowest polarization resistance (\~0.55 Q-cm? at 900 °C) was observed in anodes
containing about 40 vol% nickel, attributed to the optimal development of the triple-phase boundary. The
incorporation of nanoscale components—either one or both phases-led to a significant enhancement in the
electrochemical performance of the anodes compared to their submicron counterparts.

It was found that the percolation threshold, which governs the transition from ionic to mixed conductiv-
ity, strongly depends on the particle size ratio of the composite components. For the “nano-—nano” systems,
this threshold is reached at approximately 35 vol% Ni, whereas in other types of composites it occurs near 30
vol%. The lowest polarization resistance (\~0.55 Q-cm? at 900 °C) was observed for anodes containing
around 40 vol% Ni, which correlates with the optimal development of the triple-phase boundary. Incorporat-
ing nanostructured components—either partially or entirely—led to a marked improvement in the electro-
chemical performance of the anodes compared to those composed of submicron powders.

These results validate the effectiveness of an integrated strategy for optimizing the morphology and
phase composition of Ni/ScSZ-based anodes and highlight the practical potential of such composites for use
in high-performance, energy-efficient solid oxide fuel cell technologies.
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H.K. Afinap6exos, K.K. Kyrepoekos, M.M. Ky6enosa, M.JI. Kyansim

KatTbl OKCcHATHI OTHIH 3j1eMeHTTepi YiliH Ni—-ScSZ HaHOKYPbLIBIMAbI
KOMIIO3UTTIH AaHOATAPBIH J3ipJiey :KIHe CUNATTAY

Makanasa HHKETb JKOHE CKaHIUH OKCHIIMEH TYPaKTaHABIPbUFaH IHpKoHWiT muokcunaine (Ni/ScSZ)
HETI3/Ie/I'eH aHO/Thl KOMIIO3UTTEP KACHETTePiHIH JKaH-)KaKThl 3epTTeNyi ychiHbUIFaH. KoMmnosurrep apTypii
JMCIIEPCTIK YHTAKTapJaH KePaMUKaIbIK TEXHOJNOTHS apKbUIbl JaifblHAangsl. 3epTrey OapbIChIHIA
KOMITOHEHTTEPIH MOpPGONOrUsCHl MEH OJapAblH KeJeMIIK KaThIHACBIHBIH KbI3IbIPFaHIA ThIFbI3ANY,
ANIEKTPOTKI3TIIITIK JKOHE MOJAPU3ALMUIBIK KeAeprire ocepi KapacTelpbuiasl. HaHo-, CyOMHKpPOH- jKoHE
MHKpoesmemai Oeimiektepi 0ap yiriep caibICTBIpMaibl TYpAe 3epTTENiN, THIMII OTKI3TiMTIK TOp
KYPBUTYbIH KOHE KeAeprilepii a3alTaTblH OHTAMIBI MapaMeTpiep aHbIKTALIbl. JHIaTOMETpHs, 3NEKTPIIiK
oJILIeYJIep JKOHE MMIICHIAHCTBIK CIIEKTPOCKOIHS HOTIKeNIepi OOMbIHIIA, HAHOJUCTIEPCTIK KOMITOHEHTTEP/l
KOJIaHy OIpTEKTi KYpbUIBIM MEH JKAaKChl TapaThUIFAH KEYEKTUTIK KAJBIITACTBIPBII, XKbUTYJIBIK TYPAKTBUIBIK
MeH 3JEKTPOXUMUSIIBIK THIMIUTIKTI apTThipaabl. Ni/ScSZ Herizingeri marepuanmap noctypm Ni/YSZ
aQHOZATApbIHBIH OPHBIHA KOJJAaHyFa Kapamsl, ce0ebi oiap KOFapbl MOHOTKI3TIIITIKKE JKOHE Jerpagalusra
Te3IMILTIKKe He. By omapabl xorapsl THIMII koHe y3ak Kei3MeT ereTiH KOOD xylienepiH nambITyFa
0oJamIarel 30p eTemi.

Kinm ce30ep: xattel okcuarsl oThiH 31eMeHTI (KOOD), Ni/YSZ aHoxmpl, HaHOKYpaM, MOJISIPHU3ALMSIIBIK
Kezlepri, ym asanbl mekapa, OSJIeKTPOTKI3TIINTIK, THIFBI3AATY KHHETHKACHI, OEJICEHIIpY OSHEepTHsiCHI,
HMIICHJACTHIK CIIEKTPOCKOMHS, TaWbIHIAITY 9/ici
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Pa3paboTka u XapaKTepUCTHKA HAHOCTPYKTYPHPOBAHHBIX
KOMIIO3UTHBIX aHOAOB Ni-ScSZ 1715 TBepA0OKCHAHBIX TOIJIMBHBIX 3JIEMECHTOB

B cTaThe IpEACTaBICHO BCECTOPOHHEE HCCIICOBAHME AHOJHBIX KOMIIO3MTOB Ha OCHOBE HHUKEISI M CTaOMIH-
3MPOBAHHOTO OKCHA ITMPKOHUS ¢ goOaBkoi okcuaa ckanaus (Ni/ScSZ), moydeHHBIX METOIOM KepaMuue-
CKOM TEXHOJIOTHMM W3 MOPOIIKOB C pa3IMYHOW AucrepcHOCThI0. OCHOBHOE BHHMAHUE YACICHO BIHMSHHIO
MOP(OJIOTUH UCXOTHBIX KOMIOHEHTOB M MX COOTHOLICHHH Ha MPOIECCHl CIIEKaHUs, YIEKTPHUYECKYIO IPOBO-
JIMMOCTh M COINPOTHUBIICHUE MOJSIPU3ALUK B YCIOBHUSX PabOTHl TBEPIOOKCHUIHBIX TOIUIMBHBIX 3JIEMEHTOB
(TOTD). B xoxe nccneqoBaHus CpaBHUBAINCH 00pA3Ibl, COACPIKAIINE HAHO-, CYOMHKPO- M MUKPOYACTHIIBL, C
LEBI0 ONPECNCHHUs ONTHMAJIBHBIX MapaMerpoB, obecneunBaronmx (opmupoBanne 3GGeKTUBHON TPOBO-
Jsieil ceTH W CHIKeHHe motepb. COrnacHO JaHHBIM AWIATOMETPHH, U3MEPEHHH IMPOBOIMMOCTH U HMIIC-
JTAHCHOM CIIEKTPOCKOINH, HCIIOJIB30BaHHE HAHOKOMIIOHEHTOB CIIOCOOCTBYET OOpa30BaHHUIO OJHOPOJHOW M
IUIOTHOI MHKPOCTPYKTYpPBI C PABHOMEPHOII HOPHCTOCTBIO, YTO 0OECIIEUHBACT BBICOKYIO TEPMHUUYECKYIO CTa-
OWIBHOCTh U YJIyYIICHHBIC ICKTPOXUMUYECKHE XapaKTEPUCTHKH. YCTaHOBIEHO, 4TO KOoMmo3uThl Ni/ScSZ
MOT'YT CTaTh MEPCICKTUBHOW 3aMEHOM TPaAMIMOHHBIM aHoJaM Ha ocHoBe Ni/YSZ Gnaronmaps jydiiel HOH-
HOH MPOBOANMOCTH M YCTOWYMBOCTHU K JIETPaJaliy, YTO JIeJaeT UX IPUBICKATSIbHBIMH UL pa3paboTKu 60-
Jiee TONTOBEYHBIX U A dexTuBHbIX cuctem TOTD.

Knioueswvie crosa: TBeppookcuanslil TorumBHEI 3neMeHT (TOTD), anox Ni/ScSZ, HaHOTIOPOIIKH, COIPOTHB-
JICHHE MOJIpH3alliy, TpolHas (a3Has TpaHuLa, IEKTPUYECKas MPOBOIMMOCTb, KMHETHKA CIICKaHHs, YHEP-
TUs aKTUBAIUMH, HMIIEJAHCHAS CIICKTPOCKOIIHSI, METOI ITOTyYCHHUS
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