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ABSTRACT: A particle grading strategy was applied in
Pr4Ni3O10±δ (PNO)−Ce0.75Gd0.1Pr0.15O2−δ (CGPO) composite
electrodes for intermediate-temperature solid oxide fuel cells. By
testing of ungraded and graded electrodes and analysis of the
obtained impedance spectra with the help of the distribution of
relaxation time, it was found that the increase in oxygen species
diffusion resistance, due to greater tortuosity of electrode particles,
can be suppressed by the grading strategy. At the same time, the
step of charge transfer can be enhanced. Overall, graded electrodes
have much lower area specific resistance (ASR) than ungraded
electrodes. The lowest ASR obtained for graded electrodes is 0.059
Ω cm2 at 625 °C (0.025 Ω cm2 at 698 °C) and pOd2

of 0.21 atm,
nearly a one-fold decrease compared to 0.11 Ω cm2 for ungraded electrodes at the same condition.
KEYWORDS: Ruddlesden−Popper phase, composite electrode, layered electrode structure, low area specific resistance, DRT

1. INTRODUCTION
Research has been focused on developing intermediate-
temperature solid oxide fuel cells for higher durability, wider
material selections, and lower manufacturing costs.1−4 Themain
challenge in the electrode for operating in the intermediate
temperature range (typically 600−700 °C) is the slow
electrochemical kinetics such as the oxygen reduction reaction
(ORR) in the cathode. To overcome this problem, a few
strategies can be applied. A composite electrode consisting of
ionic and electronic phases is an option because this extends the
active area for electrochemical reactions from the interface
between the electrode and electrolyte into the bulk of the
electrode, enhancing the reaction kinetics.5−7 Another option is
applying innovative materials that exhibit mixed electronic and
ionic conductivity.8−10 This also helps to reduce the over-
potential because the active area is the entire surface of the
electrode. Both of these methods can be combined to increase
the electrochemical reaction kinetics.
No matter what materials are selected as the electrode, the

microstructure of the electrode is a key factor that determines
the overpotential of the electrode. A typical electrode micro-
structure tailoring method is functionally grading the electrode.
Many experiments were carried out to investigate how it helps to
reduce the overpotential by particle size grading,11,12 compo-
sition grading7,11,13,14 and porosity grading.15 Some simulation
studies indicated that particle size grading is more advantageous
than porosity grading at reducing the overpotential and a large
particle size grading range is more effective than small
ranges.16,17

In addition, it was reported that radical particle size grading
should be cautiously considered in thin electrodes.16,18

This research was inspired by the idea of functional grading
based on our previous research.19 In the previous research, three
c ompo s i t e e l e c t r od e s c ompo s ed o f t h e s ame
Ce0.75Gd0.1Pr0.15O2−δ (CGPO) and Pr4Ni3O10±δ (PNO) with
different particle sizes were investigated.19 Regarding the role of
these two materials, CGPO is an ionic conductor for extending
the active area and PNO is a mixed ionic−electronic conductor
and is electrochemically active for the ORR.20−22 It was found
that the smaller particles of the PNO phase reduced the area
specific resistance (ASR) of charge transfer (Oads + 2e′ + VO·· →
OOX), but the conductivity of the composite was reduced.
Therefore, it was of interest to investigate whether particle size
grading can help to reduce the ASR of charge transfer without
conductivity loss. Particle size grading was achieved by printing
different electrode ink pastes alternatively: a layer attached to
the interlayer and another layer on top of it. The only difference
between the ink pastes was the particle size of the PNO phase.
Electrochemical impedance spectroscopy (EIS) was carried

out to characterize the ASR of the symmetrical cells, and the
distribution of relaxation time (DRT) was used to deconvolute
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the impedance spectra to find the polarization resistances of all
processes occurring in the electrode. The effect of particle size
grading was discussed by observing how the ASR of each process
changed with the electrode layout.

2. EXPERIMENTAL SECTION
PNO and CGPO powders were synthesized following the processes
discussed in a previous work carried out by Xie et al. using a nitrate−
citrate method.19 CGPO powder was ready for the preparation of an
electrode by this step, while further processes need to be carried out to
obtain PNO powder. The product obtained after the nitrate−citrate
method was calcined at 1050 °C under an oxygen flow for 12 h. This
process was repeated seven times with grinding between each
calcination.20

A planetary ball-mill instrument was used to crush the obtained PNO
powder to produce smaller particles. A group of smaller particles was
obtained by a set of milling agents, termed milled PNO. This milled
PNO powder was milled further with another set of milling agents to
achieve an even smaller particle size, termed twice-milled PNO.
The electrolyte pellets Zr0.809Sc0.182Ce0.009O2 (10Sc1CeSz) used in

this study were commercial pellets (Lot No. 21AN02199, Kerafol,
Germany) with a thickness of 150 ± 15 μm. A layer of 10Sc1CeSz was
printed and sintered on each side of the pellet in order to increase the
pellet surface roughness for better adhesion between the electrolyte and
electrode. The 10Sc1CeSz powder (Lot No. H2228, DKKK, Japan)
was mixed with a commercial ink vehicle (Fuel Cell Materials, USA,
#311006) with a ratio of 1:1 wt % for the preparation of ink paste for
interlayer deposition. The mixture was milled using a triple-roll mill to
obtain a homogeneous distribution of powder in the ink vehicle.
Meanwhile, the agglomerates of particles of each phase can be
minimized because the distance between each roll was 5 μm.
The ink paste for electrode deposition was prepared by mixing

CGPO powder, one type of PNO powder, and the ink vehicle with a
ratio of 1:1:1 wt %. Also, the mixture was milled by triple-roll milling.
Electrode ink was deposited on the interlayer by screen printing.

Particle size grading was achieved by printing different ink pastes
alternatively. The notation of the cell is SXXXX in which the superscript
represents a specific PNO phase with the CGPO phase on the top layer
and the subscript represents a specific PNO phase with CGPO on the
bottom layer. For instance, SUMMM is the cell that consists of unmilled
PNO and CGPO on the bottom layer and twice-milled PNO and
CGPO on the top layer. The printed electrode was sintered at 900 °C
for 2 h with a heating and cooling rate of 2 °C/min. A layer of gold
(Gwent Group, Code No. C2090908D1) was printed on the electrode
as a current collecting layer followed by 2 h of sintering at 700 °Cwith a
heating and cooling rate of 5 °C/min.
PNO powders with different processing histories, CGPO powder,

and an electrolyte pellet with the interlayer deposited were
characterized by X-ray diffraction (XRD; PANalytical X’Pert Pro
MPD with a Cu Kα source) to identify their phase. In addition,
electrodes were characterized to confirm the compatibility between the
interlayer and electrode.
The electrode microstructures were characterized by focused-ion-

beam scanning electron microscopy (FIB-SEM; Zeiss Auriga). The
details of the quantitative analysis of the electrode microstructures were
described in a previous work.19

The obtained three sets of PNO powders were characterized by a
Brunauer−Emmett−Teller (BET) test (Micrometrics TriStar 3000) to
identify their relative size by comparing their BET surface areas. The
BET surface areas of different PNO powders were obtained via the BET
equation. Nitrogen was used for the adsorption/desorption processes.
EIS with a frequency response analyzer (Solartron 1260a,

AMETEK) was applied to characterize the symmetrical cells. The
testing temperature ranged from 625 to 717 °C, and the atmosphere
was controlled at pOd2

of 0.21 atm during EIS measurements.

3. RESULTS AND DISCUSSION
3.1. XRD. The materials used for constructing the sym-

metrical cells were characterized before preparation of the cells.
The XRD patterns of unmilled PNO, milled PNO, and twice-
milled PNO are given in Figure S1 and parts a and b of Figure S2,
respectively. The XRD patterns of CGPO and the pellet
attached with the interlayer are given in parts a and b of Figure
S3, respectively. No signal from secondary phases was observed
for each phase.
The XRD patterns of the electrodes are given in Figure S4. A

secondary phase, NiO, was observed within the electrode. NiO
was formed during electrode sintering at 900 °C. No additional
NiO was formed during impedance measurements.23

3.2. BET. Different PNO powders were characterized by the
BET test, and the BET surface area of each PNOpowder is listed
in Table 1. The result demonstrated that the planetary ball

milling was effective in reducing the particle size of PNO
powders. The particle size of twice-milled PNOwas smaller than
that of milled PNO, and the unmilled PNO was the largest. The
isotherm linear plot and the BET surface area plot for three PNO
powders are given in parts a and b of Figure S5, respectively.

3.3. Scanning Electron Microscopy (SEM). A SEM image
of a cross section of a symmetrical cell is given in Figure 1a. A

Table 1. BET Surface Area of Different PNO Powders

PNO powder unmilled milled twice-milled

BET surface area (m2/g) 1.03 ± 0.01 7.19 ± 0.03 15.51 ± 0.08

Figure 1. SEM images of cross sections of (a) a symmetrical cell and (b)
a graded electrode of SUMMM in which the white, gray, and black phases
represent PNO, CGPO, and a pores, respectively.
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distinct layered structure in which a dense electrolyte is

separated from the porous electrode by a porous interlayer

with a thin layer of gold on top of the electrode surface can be

observed.

The cross section of the electrode SUMMM was obtained by FIB-

SEM, as shown in Figure 1b. Due to the porous nature of the

electrode and interlayer, the bottom layer of the electrode partly

penetrated into the interlayer and also the top layer of the

Figure 2. (a) Nyquist plot for all investigated symmetrical cells measured at 625 °C and pOd2
of 0.21 atm. (b) DRT spectrum for sample SMMMM measured

at 625 °C and pOd2
of 0.21 atm, with regularization parameter λ of 10−4.

Figure 3. Polarization resistance of processes (a) P1, (b) P2H, and (c) P2M and (d) total resistance for all samples measured at 625 °C and pOd2
of 0.21

atm. The polarization resistance of each process ranged from small to large from the left to the right in each subfigure.
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electrode merged with the bottom layer of the electrode,
forming a thin transition layer (typically around 1 μm).
The results of the quantitative analysis of electrodes without

particle size grading are summarized in Table S1. They
confirmed that the small PNO particles provide more active
sites for the ORR. However, the tortuosity of PNO and CGPO
increases, which accounts for the lower effective conductivity of
PNO and CGPO.24

3.4. EIS. Each sample was characterized by EIS from 625 to
717 °C with an increment of around 20 °C at pOd2

of 0.21 atm.
The Nyquist plot for all investigated samples measured at 625
°C is given in Figure 2a. The DRT was used to resolve the
convoluted electrochemical processes that occurred within
electrodes, and an example is given in Figure 2b. Five processes
have been identified within the PNO−CGPO composite
electrodes in a previous work.19 It is reasonable to assume that
these five processes still apply to the PNO−CGPO composite
electrodes investigated here with additional particle-size-grading
features. These five processes are as follows. (1) P1: oxygen-ion
diffusion in the CGPO phase (ionic conductor). (2) P2H:
oxygen incorporation at the PNO particle surface followed by
diffusion in the PNO phase (a mixed ionic−electronic
conductor and electrochemically active for the ORR). (3)
P2M: charge transfer. (4) P2L: oxygen molecular dissociation.
(5) P3: oxygen molecular adsorption.19 In the following
discussions, the processes P2L and P3 were less discussed

because their resistance was virtually the same among all
investigated cells, respectively, and the percentage of the sum of
the resistances of P2L and P3 was low (around 12% in SMMMM and
around 17% in SUMMM).
The DRT was applied to each sample to extract the

polarization resistance of each process that occurred at 625 °C
and pOd2

of 0.21 atm. The ASR of each process for all investigated
symmetrical cells is illustrated in Figure 3 in ascending order. It
can be observed that the cells that exhibited lower polarization
resistances of the processes P1 and P2Hwere the cells composed
of the unmilled PNO phase, especially when the unmilled PNO
phase was on the bottom layer, as shown in Figure 3a,b. The cells
composed of the twice-milled PNO exhibited higher polar-
ization resistances of the processes P1 and P2H, especially when
the twice-milled PNO was on the bottom layer. This
phenomenon was completely opposite to the polarization
resistance of the process P2M. The cells that involved the
twice-milled PNO showed the lowest polarization resistance of
the process P2M especially when the twice-milled PNO phase
was on the bottom layer, as shown in Figure 3c. Higher
polarization resistances were given by the cells composed of the
unmilled PNO phase.
These results were expected: the composite electrode

consisting of a PNO phase with a large particle size exhibited
higher conductivity, while the amount of effective triple-phase
boundary for the ORR was lower; on the contrary, the

Figure 4. Polarization resistance of all processes and total polarization resistance for combinations between (a) unmilled and twice-milled PNO
particles, (b) milled and twice-milled PNO particles, and (c) unmilled and milled PNO particles in electrodes measured at 625 °C and pOd2

of 0.21 atm.
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composite electrode consisting of a PNO phase with a smaller
particle size exhibited lower conductivity but high ORR kinetics
due to the increased amount of effective triple-phase
boundary.19 The microstructural data previously reported
confirmed this finding and are provided in Table S1 and Figure
S6 for convenience.19 From Figure 3d, it can be observed that
the nongraded cells SUMUM, SMM, and SMMMM exhibited the highest
ASRs and the graded cells exhibited lower ASRs. This result
demonstrated that electrode grading is an effective strategy to
overcome the problem that a single PNO particle size cannot
contribute to two aspects (conductivity and active area). In the
following, it is necessary to establish how the electrode should be
graded to achieve the lowest ASR.
The graded electrodes consisting of the same combination of

PNO particles were compared to each other, as shown in Figure
4. It can be observed that the grading direction was less
important because the polarization resistances of each process
were very close to each other. Usually, particle size grading is
designed as a configuration in which smaller electrode particles
are on the bottom layer (electrolyte/electrode surface) and
larger particles are on the top layer (free surface) in order to
increase the active sites and simultaneously decrease the mass-
transfer resistance.16,17,25,26 However, such a configuration was
not necessary for the composite electrodes investigated here.
The reason could be that the composite electrodes were not
suffering from concentration losses. Although there was not

much difference in each step between graded electrodes with the
same combination of PNO particles, as shown in Figure 4, there
was an interesting result: the polarization resistances of P1 and
P2H were always higher, and the polarization resistance of P2M
was always lower when the smaller PNO particles were close to
the electrolyte. When the larger PNO particles were close to the
electrolyte, the polarization resistances of P1 and P2H were
lower and that of P2Mwas higher. This was sensible because the
electrode reaction mainly occurs close to the electrolyte, as
confirmed by many simulation reports.18,27−29 Hence, the
corresponding advantage of the particle close to the electrolyte
was greater. Because the size-grading direction was less
important, for the sake of simplicity, one graded electrode
from different combinations was selected to investigate.
Therefore, the polarization resistances of three cells without
particle size grading and three cells with particle size grading
were compared for each process, as shown in Figure 5.
From Figure 5a,b, it can be observed that when SUMUM was

modified to SMM and then to SMMMM or SUMUM was directly modified to
SMMMM, for increasing active sites without particles size grading, the
polarization resistances of processes P1 and P2H increased
steadily. However, if the particle size was only decreased in one
layer, i.e., applying particle size grading, the polarization
resistance of P1 decreased and the polarization resistance of
P2H maintained the original value. A possibility was that the

Figure 5. Polarization resistance of processes (a) P1, (b) P2H, and (c) P2M and (d) total resistance for three ungraded cells and three graded cells
measured at 625 °C and pOd2

of 0.21 atm.
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transition region identified in Figure 1b enhanced the electrode
conductivity.
The polarization resistance of process P2M decreased from

0.062 Ω cm2 for SUMUM to 0.044 Ω cm2 for SMM, but no further
decrease was observed for SMMMM, although it was expected to give
a lower polarization resistance because it had the greatest active
area. This was explained by the large polarization resistance of
processes P1 and P2H for SMMMM, which limited ion migration
from the electrode to the electrolyte and then restricted process
P2M because the aggregation of oxygen ions at the interface
between the electrode and electrolyte resisted the oxygen ions.30

With particle size grading, the polarization resistance was
significantly reduced to 0.025 Ω cm2 for SMMM and 0.019 Ω cm2
for SUMMM. This improvement was ascribed to the smaller
polarization resistance of processes P1 and P2H, which activated
the active area within the electrode layer in which twice-milled
PNO particles were present. The polarization resistance of
process P2M of the graded cell SUMM was 0.049Ω cm2, which was
between that of SUMUM and SMM. This was reasonable, and the active
site in SUMM was functioning because the average particle size of
SUMM was somewhere between those of SUMUM and SMM. Therefore, to
obtain a lower polarization resistance, the smaller particles
should be used to provide more active sites.
The graded electrodes exhibited lower polarization resistance

than ungraded electrodes, as shown in Figure 5d. The lower total
polarization resistance of graded SUMM of 0.097 Ω cm2 was
attributed to the lower polarization resistance of P2M thanks to
the presence of a layer of milled PNO particles without an
increase in the polarization resistance of processes P1 and P2H.
For the graded SMMM, the polarization resistance of P2M was
further decreased due to a layer of twice-milled PNO particles,
which provided the greatest amount of active sites. However, the
average particle size of the graded SMMM was relatively small,
which resulted in the greatest polarization resistance of
processes P1 and P2H among the graded electrodes. Hence,
its total polarization resistance of 0.088 Ω cm2 was the second
lowest. The lowest total polarization resistance was given by SUMMM
of 0.059 Ω cm2 for two reasons. The first reason is that the
presence of one layer of electrode consisting of twice-milled
PNO particles provided the greatest amount of active sites and
hence the lowest P2. The second reason is that the presence of
one layer of electrode composed of unmilled PNO particles
enabled the low polarization resistance of processes P1 and P2H
and maximized the functionality of active sites within the layer
composed of twice-milled PNO particles.
The Arrhenius plot of the total polarization resistance of the

electrode SUMMM was given in Figure S12. The ASRs of commonly
investigated cathodes are summarized in Table 2. To our
knowledge, there is only one research on PNO in the literature in
which the single-phase PNO was applied as the electrode
material.35 Compared to the single-phase PNO electrode, the
introduction of CGPO forming a composite electrode effectively
reduced the ASR of the electrode. With further electrode
optimization, i.e., particle size grading forming a layered
electrode structure, the ASR is much lower than the value
reported in ref 35. The composite electrode with particle size
grading investigated here also exhibited a strong competitive
performance compared to other commonly investigated cathode
materials.

4. CONCLUSIONS
In conclusion, particle size grading was effective in reducing the
total resistance by combining the advantages of different PNO

particles. Particle size grading was less important in this
composite because the diffusion resistance was minor. The
combination of different PNO particles was more important and
determined the total resistance of the graded electrode. Among
the graded electrodes, the combination of unmilled and milled
particles was short of active area, which resulted in a less
competitive resistance of process P2M. The combination of
milled and twice-milled PNO particles had an abundant active
area. However, the small PNO particles led to higher resistance
of processes P1 and P2H, which also to some extent impeded
process P2M. The combination of unmilled and twice-milled
PNO was the best combination because the presence of twice-
milled PNO provided enough active area, and the presence of
unmilled PNO not only enabled low resistance of processes P1
and P2H but also maximized the functionality of the active area
provided by twice-milled PNO.
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