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ABSTRACT

Nickel oxide/gadolinium dopped ceria nano powders, NiO/GDC, (NGC)
with controlled morphology were synthesized by the sol-gel method. The
nickel(Il) coordination compounds have been used as new precursors for
the preparation of ceramic materials, NiO/GDC, as anodic powders for
application in solid oxide fuel cells. The formation of diverse morpholo-
gies with different porosity was observed by varying the Nickel(ll) coordi-
nation compounds, [Nil*(u-acetylenedicarboxylate)] , [NiL*(u-terephthal-
ate)] and [Nil*(u-2,6 pyridinedicarboxylate)] . Then three different kinds
of nickel oxide / gadolinium dopped ceria, namely NGC (a), NGC (b), and
NGC (c) samples, each of a different shape, were developed by new pre-
cursors. These powders have been used as electrocatalysts for solid oxide
fuel cells. The catalytic performance of NGC anodes for the hydrogen ox-
idation reaction was analyzed via impedance spectra test using yttria-sta-
bilized zirconia (YSZ)-supported symmetry half-cell. The modified NGC
(c) anode powder fabricated with the new precursor of [NiL*(u-2,6 pyr-
idinedicarboxylate)] ~ (N’-(pyridine-3-yl)methylene)isonicotinohydrazide
(L)) manifested the least polarization resistivity of 0.106 Q. cm? measured
at 800 under humidified H,. The NGC (c) anode powder with a better pore
distribution and excellent microstructure demonstrated the most desir-
able electro-catalytic activity.
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INTRODUCTION

The anodes of solid oxide fuel cells (SOFCs)
can be classified in terms of temperature, electrode
polarization, conductivity and structure each of
which affects their efficiency and properties [1].
NiO/GDC cermets as anode materials for SOFCs
have received particular attention, considering
their high electrochemical activity and stability at
relatively high temperatures (600-800 °C) [2-6].
NiO/GDC cermets are usually prepared by mixing
NiO (catalyst) and GDC powder as a supporting
network for the Ni catalyst. The electrochemical

* Corresponding Author Email: marandjbar@irost.ir (M.Ranjbar).

reaction value is equal to the length of the triple-
phase boundaries (TPBs), which also depends on
the microstructure of NiO/GDC cermets [2]. The
morphology of a complex has a significant effect
on the catalytic activity. In addition, it is often
reported that the modification of morphology
by various techniques has a great impact on the
performance of solid oxide fuel cells [7-10]. Thus,
it is essential to control the structure of the NiO/
GDC anode material. Research activities have been
undertaken on the morphology and microstructure
manipulation of the NiO/GDC by using oxalyl
dihydrazide (ODH) and hexamethylnetetramine
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(HMT) [11]. In another study, nanocrystalline
NiO/GDC powder was modified by the
application of Na-Alginate as the effective agent
in the ionic sol-gel method [12]. The synthesis
of two new nanoparticles of copper(Il) and
nickel(II) complexes with Schiff base ligand also
demonstrated the Schiff base complexes may be
suitable precursors for the preparation of nanoscale
materials with different morphologies [13]. The
porosity, thermal stability and electrochemical
behavior of the modified NiO-GDC are compared
with the conventional NiO-GDC prepared by
nickel nitrate salt as previously reported [14]. In
the current study, the effects of Nickel coordination
compounds as precursors on the microstructure
of NiO/GDC anode powders were explored. Three
Nickel coordination compounds with N’-(pyridine-
3-yl)methylene)isonicotinohydrazide (L),
containing anions acetylenedicarboxylate, [NiL*(y-
acetylenedicarboxylate)] , terephthalate, [NiL*(p-
terephthalate)] , and 2,6-pyridinedicarboxylate,
[NiL*(u-2,6 pyridinedicarboxylate)] were synthes-
ized. Eventually, three NiO/GDC (NGC) anode
powders with [NiL*(p-acetylenedicarboxylate)]
complex, NGC (a) powder, [NiL?(u-terephthalate)]
, complex, NGC (b) powder, and [Nil*(p- 2,6
pyridinedicarboxylate)] , NGC (c) powder were
synthesized. Later, we investigated the electrical
attributes of NGC powders by impedance
electrochemical spectroscopy (IES). Impedance
results showed that morphology had a dramatic
influence on the electrical performance of NiO/
GDC anodes, and the entire developed cermets

portrayed enhanced electrical performance.
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Among these compared samples, the NGC (c)
anode powder with a better morphology presented
the best electro-catalytic activity.

EXPERIMENTAL PROCEDURE

The N’-(pyridine-3-yl)methylene)isonicotino-
hydrazide, Schiff base (L), was prepared according
to the method reported by Niand co-workers (2009)
[15]. The reaction of 3-pyridinecarboxaldehyde
with isonicotinohydrazide in ethanol solvent
at room temperature leads to the formation of
a Schiff base (L). For the synthesis of [NiL*(u-
acetylenedicarboxylate)] , [NiL*(u-terephthalate)]
and [NiL*(u-2,6pyridinedicarboxylate)] ,inaddition
to the Schiffbase (L), the acetylenedicarboxylicacid,
terephthalic acid, and 2,6-pyridinedicarboxylic
acid ligands were used, respectively. This solution
was transferred into a thermal bomb for 72 hours
at 170°C. The resulting precipitate was isolated
and rinsed with ethanol and distilled water,
respectively. The molecular structure of the Nickle
complexes is shown in Fig. 1. Next, the developed
structures were identified with the techniques
of FT-IR (Bruker tensor 27 spectrometers),
Raman (dectris Eiger X9M area detector) and
diffuse reflection spectroscopy (DRS) (shimadzu
spectrophotometer-Japan). The flow  chart
demonstrating the production process of the NGC
powders using the sol-gel procedure is illustrated
in Fig. 2. In the synthesis of NGC powders, after
generating a homogeneous solution, the solution’s
temperature was set to 90 °C for the extraction of
excess water. The resulting gels were dried at 110 °C
and further calcined at 800 °C. Eventually, NGC

Fig. 1. The molecular structure of the a) [NiL*(u-acetylenedicarboxylate)] , b) [NiL*(u-terephthalate)] and c) [NiL*(u-2,6 pyridinedi-
carboxylate)]
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Fig. 2. The flow chart for the synthesis of the NGC powders using a sol-gel method

(a), NGC (b), and NGC (c) samples, each of a
different shape, were developed by new precursors.
Characterization of the produced powders was
carried out by X-ray diffraction (XRD) (EQuniox
3000 STOE-STADV). The powders were also
analyzed by TGA (PL-STA 1500), in Argon gas
at 25-800 °C at a heating rate of 10 °C/min. The
morphology of the manufactured complexes
was done by scanning electron microscopy/
energy-dispersive (SEM, JEOL 6460 LV). The
specific surface area of the developed powder was
estimated by BET (Brunauer, Emmett, Teller)
analysis (BELSORB-mini II). The electro-catalytic
activity of the NGC anodes was characterized
by the electrochemical impedance spectroscopy
(EIS) technique (PARSTAT 2273 potentiostat/
galvanostat), and YSZ electrolyte supported
symmetrical half-cell, which was similar to that
reported in another study [16]. The electrolyte
discs were prepared by die-pressing 8 mol %
Y,0,-ZrO, powder (YSZ, Tosoh, Japan), followed
by sintering at 1500 °C for 4 h. The diameter and
thickness of the electrolyte were 19 and 0.9 mm,
respectively. The surface of the electrolyte pellets
was roughened by grinding it with sandpaper to
increase the contact between the electrode and
electrolyte. The conventional and modified NiO-
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GDC powders were mixed with an ink vehicle (Fuel
cell Materials, USA), and applied to the YSZ pellets
by the slurry painting method; this was followed
by sintering at 1380 °C for 2 h in air. The electrode
area was 0.4 cm? after sintering. A Pt paste was
applied as the counter and reference electrodes.
The electrochemical performance of the cermet
anodes was characterized by the electrochemical
impedance spectroscopy (EIS) technique in the
frequency range of 0.1 Hz to 0.1 MHz and signal
amplitude of 10 mV. The EIS spectra were recorded
at 650-800 °C with 50 °C intervals using wet
hydrogen/nitrogen (50:50 vol. ratio) gas as the fuel
and ambient air as the oxidant. The impedance
response of the modified NiO-GDC anodes was
measured and compared.

RESULTS AND DISCUSSION

According to the Schiff base’s IR spectrum (L)
(Fig. 3a), the band present at 1679 cm™ denotes the
imine group (C=N). The presence of imine group
band in 1679 cm indicates the formation of a
Schiff base. Furthermore, the absorption band at
3301 cm™ is attributed to the N-H stretching
vibrations. The stretching vibration bands of N-H
indicates the absence of tautomerization enol-
ketone of ligand, and the Schiff base is a ketone

Nanochem Res 6(1): 104-116, Winter and Spring 2021
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Fig. 3. FTIR spectra of a) Schiff base, b) [NiL*(u-acetylenedicarboxylate)] , ¢) [NiL*(u-terephthalate)] and d) [NiL*(u-2,6 pyridinedi-
carboxylate)]

form. In the IR spectrum of Nickel complexes (Fig.
3b-d) synthesized by Schiff base (L) and
acetylenedicarboxylic acid, terephthalic acid and
2,6-pyridinedicarboxylic ~ acid  ligands, the
absorption band of imine group (C=N) is seen at
lower frequencies. This shift towards lower
frequencies represents the coordination of the
ligand to the metal, and synthesis of the Schiff base
(L) is approved. In the low energy band scope of IR
complexes, a series of absorption peaks (1400-1600
cm’') is observed, attributed to the pyridine ring.
Moreover, ionic carboxylates depict two bands
(vCOO,, and vCOSym) within their spectra. In the
IR complexes (Fig. 3b-d), strong absorptions in the
region 1690-1820 cm™ and weaker absorptions
around 1396-1420 cm™’ are typical of the
asymmetric stretching behavior of the carboxylate
group and symmetric carboxylate stretching mode,
respectively [17]. The separation of the bandsA v =
(vCOasym - VCOSym) also indicates the structure of
the given carboxylate. Compared to the stretching
frequencies of free or uncoordinated carboxylate

Nanochem Res 6(1): 104-116, Winter and Spring 2021
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ions, in this case the asymmetric and symmetric
stretching frequencies of the carbonyl groups
change.; a broad splitting of the COO stretching
frequencies (Av) usually indicates the presence of
monodentate coordination in a metal carboxylate
[17, 18]. Therefore, the dicarboxylate bridge in all
Nickel complexes is attached monodentately to the
metal. The assigned peak of the C=N band at 1679
cm™ of the Raman spectrum of the Schift base (L)
(Fig. 4a), shifts to lower frequencies in the Ni
complexes (Fig. 4b-d). Moreover, in Fig 4b-d the
type and location of the most important functional
groups of Nickel complexes in the Raman spectra
have been illustrated, which are in good agreement
with the IR spectrum of Schiff base (L). Fig. 5 shows
the results of the absorption spectra for the Ni
complexes which were carried out by diffuse
reflection spectroscopy (DRS). The maximum
absorption for Ni complexes observed in the DRS is
listed in Table 1. The charge transfer such as LMCT
usually appears in the highest energy region of the
DRS spectra. Furthermore, along the DRS spectra
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Fig. 5. DRS spectra of the a) [NiL*(u-acetylenedicarboxylate)] , b) [NiL*(u-terephthalate)] and c) [NiL*(u-2,6 pyridinedicarboxylate)]
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Table 1. The most essential adsorption bands of the a) [NiL*(u-acetylenedicarboxylate)] , b) [NiL*(u-terephthalate)] and c) [NiL*(p-2,6
pyridinedicarboxylate)] in the DRS spectroscopy

Wavelength /nm Abs.

328 1.334

a 250 1.295
258 1.266

236 1.215

278 0.926

b 444 0.144
426 0.14

796 0.066

c 344 0.92
794 0.14
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Fig. 6. TG/DTG diagram of the a) NGC (a), b) NGC (b) and ¢) NGC (c)

in the lower energy region (visible region), other
bands can be seen to be formed in response to the
d-d transitions which are weaker than the LMCT
transition. Fig. 6 demonstrates the thermogra-
vimetric analysis (TGA) of the NGC (a), (b) and (c)
powders with three major weight loss stages as
observed from the TGA plots. The first weight loss
step occurred in all samples corresponding to the
dehydration of the samples due to the presence of
water molecule and free ethylene glycol [19]. The
second decrease in weight loss occurs due to the
decomposition of Nickel coordination compounds.
According to Fig. 6 and by comparing the TGA
plots, it is indicated that due to the application of a
Nickel complex with higher weight, the weight of

Nanochem Res 6(1): 104-116, Winter and Spring 2021
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the developed NGC (c) composite was also
increased. However, the NGC (a) due to the use of
Nickel complex with a lower weight manifested a
lower weight loss value. Finally, the last step for all
samples is to remove any remaining organic
material and nitrate. The XRD patterns of the NGC
powders calcined at 800 °C for 2h are portrayed in
Fig. 7. In the XRD patterns, there were no signs of a
secondary impurity phase. The peaks for the entire
samples perfectly matched with cubic NiO (Fm3m)
and cubic GDC (Fm3m). The NGC (a), (b), and (c)
powders show all main reflections, which are in
accordance with the reported literature [20, 21].
The crystallite sizes of NiO and GDC phases in
NGC (a), (b) and (c) anode powders were calculated
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Fig. 7. The X-ray powder diffraction pattern of the a) NGC (a), b) NGC (b) and ¢) NGC (c)

by the Scherrer equation (Table 2). Considering all
the produced NGC powders, the crystallite size of
the GDC is smaller than that of NiO. With regard
to the temperature variations of NiO and GDC
formation, the crystallite size of NiO in all the

110

treatments was higher than GDC [5]. According to
the sharp peaks observed in NGC (c) (Fig. 7¢), it
also becomes clear that the crystallite size values
between NiO and GDC phases in NGC (c) powder
are higher than those of NGC (a) and NGC (b)

Nanochem Res 6(1): 104-116, Winter and Spring 2021
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Table 2. The Crystallite sizes of NiO and GDC phases in NGC (a), NGC (b) and NGC (c) powders

Average crystallinity size / nm NiO GDC
NGC (a) 71.486 48.25
NGC (b) 47.629 48.25
NGC (¢) 35.734 28.80

V- —

? —vve
ol e | ey

S5um

Fig. 8. SEM micrograph of the a) NGC (a), b) NGC (b) and ¢) NGC (c)

(Fig. 7a, b). SEM analysis revealed the dependence
of the morphology of calcined NGC powders on
the primary applied Ni complexes, as shown in Fig.

Nanochem Res 6(1): 104-116, Winter and Spring 2021
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8a. The two phases (NiO and GDC) in the samples
are uniformly distributed and well-connected
whichis favorable for anodicreactions. Additionally,
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Fig. 9. SEM-EDS mapping of the a) NGC (a), b) NGC (b) and ¢) NGC (c)

more porous surface with increased pore size and
low density is observed for NGC (c) ceramic
powder compared to NGC (a) and NGC (b). Since
the electrode performance is highly dependent on
the microstructure [22], it seems that ionic
conductivity in the anodic powder of NGC (c) was
higher than those of NGC (a) and NGC (b) due to
more porosity and TPB. The SEM of NiO
nanoparticles is shown in Fig. 8b [23]. Here, it is
clear that the particles were highly agglomerated in
nature [23]. Comparing the SEM images of a and b
demonstrates that the distribution of NiO in GDC
matrix is completely uniform in the NGC
composites. In addition, it could be seen that the
SEM images of NiO nanoparticles greatly differ
from the SEM images of NGC powders. The
Distribution pattern of Ni, Ce, and Gd elements in
the NGC anode samples was examined by SEM-
EDS mapping (Fig. 9). Regarding Fig. 9, it is clear
that the homogeneous distribution of the elements
in NGC (c) powder is higher than those of NGC (a)
and NGC (b). Therefore, the sol-gel method is an
effective way to yield fine powders with uniform
distribution of elements. The BET test measured
the specific surface area of the manufactured NGC
samples as well as their pore volume, which is
interrelated to the triple-phase boundary. Based on
the BET analysis, the NGC (c) powder had the
largest specific surface area (82.899 m?/g) and the
average pore volume was approximately 30.825
nm, while the NGC (a) and NGC (b) powders
exhibited the specific surface areas of 65.0524, and
76.279 m?/g and average pore volumes of 17.297
and 22.038 nm, respectively. Larger pore size is
suitable for gas phase transport through the pores
of NGC powders; however, the non-uniform and
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smaller pore structure acts as a barrier for gas
transport through the pores [11]. The Nyquist
impedance plot and the corresponding fitting curve
of each symmetrical half-cell for NGC anodes are
illustrated in Fig. 10. The width impedance arc on
the real axis refers to the polarization resistance
(Ep) of the electrodes. According to the Nyquist
plot (Fig. 10), it is clear that temperature had a
considerable effect on the resistance of samples. By
increasing temperature, due to the quick reaction
kinetics and increased ionic and electronic
conductivity, the resistance level decreased. M.K.
Rath et al. [24] proposed that H, oxidation on the
NiO-GDC system generally induces charge-
transfer at the TPB, gas diffusion, dissociation/
adsorption of H,, surface diffusion of the adsorbed
species into the TPB, and a conversion. According
to the Nyquist plot (Fig. 10), it is clear that the
overall performance and electrical properties are
directly related to the microstructure of the anode
material. This information suggests that proper
modification increases the electrochemical activity
of NGC (c) cermet anodes for the H, oxidation
reaction at the electrode-electrolyte interface. Thus,
the modification of morphology with increased
porosity, active sites at the TPB region, and particle
size reduction will boost the activity of NiO/GDC
cermet anodes. The polarization resistance (0.106
Q.cm?) was lowest in the half-cell with NGC (c)
anode powder at 800 °C. Increasing the polarization
resistance of NGC (a) (0.8 Q.cm?) and NGC (b)
(0.65 Q.cm?) is likely due to particle coarsening
during heat treatment and reduction of the catalytic
surface and blockage of active sites of the electrode
[1]. Table 3 describes a brief overview of the
properties of modified NiO/GDC powders

Nanochem Res 6(1): 104-116, Winter and Spring 2021
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Fig. 10. Polarization resistance values determined at the temperature of 650-800for the a) NGC (a), b) NGC (b) and ¢) NGC (c)

synthesized by different methods along with their
results. The activation energy of the electrode
polarization resistance was measured according to
the slope of the Arrhenius plots. The activation
energy (Ea) and polarization resistance (Q.cm?) of
NGC (a), (b) and (c) were measured at 650-800 °C

Nanochem Res 6(1): 104-116, Winter and Spring 2021
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and values are presented in Table 4. Moreover,
Fig. 11 demonstrates that the NGC (c) sample had
the lowest activation energy among NGC (a) and
NGC (b). The results presented in Fig. 11 indicate
that the modification of the precursors used in the
anode synthesis strikingly —minimized the
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Table 3. A brief overview of the properties of modified NiO/GDC powders synthesized by different methods and their results

Anode material Type of optimization Result Reference
I ine th ity of . th NiO-
Synthesis of NiO-GDC with Nickel varying nereasing the “’"2‘;2“3; (aé';";l; powder with NiO
10 - 0 i id-
NiO-GDC from 50 to 65 wt.% l?y conventional solid-state compared to the NiO -YSZ ratio (50-50) [25]
reaction method
at 973 K
. Using sodium alginate as the templating Reduce polarization resistance at low operating
NiO-GDC ! ) ) . i i (26]
material for the synthesis of NiO-GDC temperature by increasing porosity and surface area
. Use of the mixture of GDC and YSZ phases X X o
NiO-GDC-YSZ i . K Change of ohmic resistance and polarization [27]
for physical and conductivity evaluation
D h iti h h
NiO-GDC Doping of copper in anode materials ecrease the carbon deposition and enhance the (28]
performance of SOFC at low temperature
) . Use of a modified citrate-nitrate combustion i X .
Ni-GDC/Ni-SDC . High electrical conductivity [29]
method for synthesis
The improved performance and morphology of cermet (30]

Use of a microwave-assisted glycine nitrate

Ni/10Sc1CeSZ X .
combustion process for synthesis powder

Table 4. The activation energy (Ea) and polarization resistance (Q2.cm?) of NGC (a), NGC (b) and NGC (c) at 650-800 °C

Polarization resistance / Q.cm’ Activation energy / Ea

Sample
NGC (a) 0.8 0.94
NGC (b) 0.65 0.90
NGC (c) 0.106 0.69
T (°C)
814 791 769 747 727 707 689 670 653 636
T T T T T T T T T
Ea=0.94 eV
&
E
@
g Ea=0.90 eV
=
=
=
=
0.1+
Ea=0.69 eV
= NGC (a)
e NGC (b)
A NGC ()
0'01 T T T T T T T T T
092 094 096 098 1.00 1.02 1.04 1.06 1.08 1.10

1000/T (1/K)
Fig. 11. Activation energy of the a) NGC (a), b) NGC (b) and ¢) NGC (¢)
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composites’ activation energy. In fact, good
morphology and pore size distribution of the NGC
(c) sample had a desirable effect on lowering the
polarization resistance and activation energy.
Overall, this method may be considered as a
replacement for NiO/GDC anode agents
synthesized with nickel nitrate salt for intermediate
SOFCs.

CONCLUSION

To analyze the influence of precursors on
microstructure and electrical conductivity, NiO-
GDC anode powders with different Nickel(II)
coordination compounds as precursors were
successfully obtained by applying the sol-gel
method. The results demonstrated that a more
porous structure, high surface area and higher TPB
for the NGC (c) anode was obtained. IES analysis
of the NiO/GDC anodes confirmed that the
polarization resistance for H, oxidation depends
significantly on the microstructure of the NiO/
GDCs. The NGC (c) composed of [Nil*(u-2,6
pyridinedicarboxylate)] revealed the best electro-
catalytic activity in the solid oxide fuel cell
operating circumstances.
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