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The next generation of fuel cells, electrolyzers, and batteries requires higher power,
faster kinetics, and larger energy density, which necessitate the use of compositionally
complex oxides to achieve multifunctionalities and activity. These compositionally
complex oxides may change their phases and structures during an electrochemical
process—a so-called “electrochemically driven phase transformation.” The origin for
such a phase change has remained obscure. The aim of this paper is to present an exper-
imental study and a theoretical analysis of phase evolution in praseodymium nickelates.
Nickelate-based electrodes show up to 60 times greater phase transformation during
operation when compared with thermally annealed ones. Theoretical analysis suggests
that the presence of a reduced oxygen partial pressure at the interface between the
oxygen electrode and the electrolyte is the origin for the phase change in an oxygen
electrode. Guided by the theory, the addition of the electronic conduction in the inter-
face layer leads to the significant suppression of phase change while improving cell
performance and performance stability.

electrochemically driven phase transformation j solid oxide cells j oxygen electrode j stability

Materials research for advanced energy systems (e.g., fuel cells, electrolyzers, and batter-
ies) has been driven by the recognition that multifunctionalities in component materi-
als are needed in order to achieve higher power density, faster kinetics, and larger
energy density. For instance, mixed electronic and ionic conducting oxides are used as
the electrode for the oxygen reduction reaction—a cathode—in a solid oxide fuel cell
(SOFC). These complex oxides may change their phases and structures during an elec-
trochemical operation—a so-called “electrochemically driven phase transformation.”
Schmalzried et al. (1) reported in 1979 an akin phenomenon in (Co1–xMgx)O, called
cation kinetic demixing. Cation kinetic demixing was attributed to the presence of
thermodynamic potential gradients on (Co1–xMgx)O, under which Co is a faster-
moving component than Mg (1). Dimos and coworkers (2) further investigated
(Co,Mg)O and yttrium-stabilized zirconia (YSZ) (3), and they carried out theoret-
ical treatment (4) of kinetic demixing. In the absence of an electric field, assuming
that anions and cations move independently, the Gibbs–Duhem relation gives
xC dμC + xO2�dμO2� = 0, where μ is the chemical potential and x is molar fraction for
the oxygen ion (O2–) or a cation (C). If one cation in a material is more mobile than
the other, the originally homogeneous material becomes inhomogeneous, indicating
that kinetic demixing takes place (5). Petot-Ervas and Petot then investigated SOFC
electrolytes (e.g., YSZ and Gd-doped ceria [GDC] under an electric field with Pt as the
electrodes) (6). Kinetic demixing was observed in both YSZ and GDC under operating
conditions. They proposed that transport processes on the cation sublattice play an
important role on both the chemical properties and aging behavior of the electrochemical
cells based on YSZ or GDC.
Cation kinetic demixing or in a broader sense, electrochemically driven phase trans-

formation is more complex in an active oxygen electrode than in an electrolyte because
both oxygen ions and electron holes move across the electrode in a substantial flux. As
a consequence, local oxidation or reduction may take place along with possible kinetic
cation demixing, phase transformation, amorphorization, or even a solid-state reaction.
For instance, when (La,Sr)(Fe,Co)O3 (LSCF) was used as a microelectrode with 80%
Co, Baumann et al. (7) observed Sr and Co surface enrichment on dense electrodes,
suggesting the kinetic demixing of Sr ions and possible Co ions. When LSCF was
exposed under oxygen chemical potential gradients, kinetic demixing and decom-
position of LSCF membranes were observed from the analysis of the microstructure
and phase composition near the surfaces (8–11). This paper aims to provide a basic
understanding of electrochemically driven phase transformation phenomena via study-
ing the phase transformation of (Pr1–xNdx)2NiO4 under various electrochemical
conditions.

Significance

Understanding the origin of phase
transformation of an electrode
during operation lies at the heart
of elucidating the science behind
the performance durability of fuel
cells, electrolyzers, and batteries.
It is known that electrode
materials often undergo
undesirable phase transformation
at a high current density or under
a high voltage. The aim of this
article is to provide a fundamental
understanding of the origin for
phase transformation in oxygen
electrodes during operation and
use this knowledge to develop a
high-performance electrode that
exhibits improved performance
stability.
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Results

The (Pr1–xNdx)2NiO4 (PNNO)-based oxygen electrode under-
goes phase transformation into a Pr6O11 (PrOx) phase and a
higher-order Pr3Ni2O7+δ phase at SOFC operation temperatures
(12). Fig. 1 shows the quantified phase transformation in PNNO
electrodes that were treated with either thermally annealing or
electrochemically operating in full cells at 750 °C for 500 h. The
quantification method of phase transformation was reported
previously (13). Two sets of full cells show reproducible phase
transformation, as shown in Fig. 1. The percentage of phase
transformation in thermally annealed electrodes is substantially
lower than in operated electrodes. Clearly, accelerated phase
transformation exists during an electrochemical operation.
Since the phase transformation in operating nickelate elec-

trodes has rarely been reported, this discrepancy is not yet
addressed in the open literature. The parent compound without

Nd substitution (x = 0 in Fig. 1), Pr2NiO4 (PNO), is a known
active oxygen electrode, which undergoes phase transformation
during a thermally annealing process (12–16). The percentage
of phase transformation in Pr2NiO4 was ∼30% in an electrode
annealed at 750 °C for 500 h. It, however, reached to nearly
100% when Pr2NiO4 was used as the cathode in a full cell at
750 °C for 500 h at 0.8 V. Two separated cells were examined,
and results were highly reproducible for all cathodes measured
as a function of x in (Pr1–xNdx)2NiO4. With an increase in x,
the phase transformation is suppressed, and it was fully sup-
pressed in Nd2NiO4 (x = 1) (16).

Fig. 1 brings into a question the extent to which operating con-
ditions influence the phase transformation in nickelate-based
oxygen electrodes. In order to establish the relationship between
structural changes and cell operation, the phase transformation
was studied as a function of operating temperatures and current
densities. First, baselines were developed, including the cathode
before operation and thermally annealed electrodes. Fig. 2A shows
that the operation of (Pr0.50Nd0.50)2NiO4 (PNNO50-50) at
700 °C and 0.10 A/cm2 for 300 h does not lead to phase transfor-
mation, as shown by the preserved parent phase. However, once
the current density is raised to 0.50 A/cm2, a clear phase evolution
follows with the formation of PrOx (+ in Fig. 2A). Therefore,
the phase transformation indeed results from the electrochemi-
cal operation and must not be overlooked when quantifying
phase evolution in an SOFC cathode. A systematic study at vari-
ous temperatures and current densities was then carried out to
understand electrochemically driven phase transformation.

As shown in Fig. 2B, phase transformation was accelerated at
750 °C at both 0.10 and 0.50 A/cm2. With an increase in cur-
rent density, the phase transformation increases (17–19). Simi-
larly, the electrochemical operation in full cells at 790 °C leads
to major phase transformation at 0.50 and 0.75 A/cm2, as
shown in Fig. 2C. On the other hand, thermally annealed
PNNO50-50 powders (between 700 °C and 790 °C) do not
exhibit any significant phase transformation after 300 h, consis-
tent with the results shown in Fig. 1. In fact, only ∼1 mol %
of PrOx is formed after 300 h of annealing at 790 °C (Fig. 2C).

Fig. 3 summarizes quantified phase transformation in ther-
mally annealed PNNO50-50 powders and electrodes along
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Fig. 1. Phase evolution in thermally annealed electrodes (750 °C, 500 h)
and electrochemically operated (Pr1–xNdx)2NiO4 electrodes after 500 h at
750 °C and 0.80 V.

A B C

Fig. 2. Phase evolution in PNNO electrodes operated under different current densities at (A) 700 °C, (B) 750 °C, and (C) 790 °C. Standard X-ray diffraction
(XRD) patterns for the Ni-YSZ/GDC substrate and PNNO powder are shown in A and B. The peaks of PrOx, PNNO, and Pr3Ni2O7 phases are marked as “+”, “•”
and “*”, respectively.
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with electrochemically operated cathodes. The plot was divided
into two regions: 1) a region of thermally driven phase transfor-
mation and 2) a region of electrochemically driven phase
changes. After 500 h of annealing at 790 °C, both powders and
electrodes (YSZ/GDC/PNNO configuration) show only a few
percentages of phase transformation. A 1 to 2% larger phase
transformation in electrode was detected due to the previously
discussed reaction with the GDC interlayer (16). However, it is
clear that the electrochemical operation significantly accelerates
phase transformation in nickelates. At 700 °C, the PNNO50-
50 electrodes operated at 0.50 A/cm2 undergo 10.6% phase
transformation. With a further increase in temperature, the
phase transformation reached 15.5% at 750 °C and 0.50 A/cm2.
Even more evident results were obtained at 790 °C, where phase
transformation was 60 times larger than in thermal annealing
studies at the same temperature. While the operation at a mild
condition, 0.10 A/cm2 and 700 °C, exhibited zero phase trans-
formation, increased temperature and operating time do show
accelerated phase transformation, further indicating the role of
the electrochemical operation in the phase evolution.

Discussion

To understand the origin for electrochemically driven phase
transformation, a theoretical analysis is provided (vide infra). It
is known that much of our understanding of physical behavior
of materials is based on the concept of local thermodynamic
equilibrium, which is at the heart of classical thermodynamics
and modern reaction kinetics (20–22). Based on the local ther-
modynamic equilibrium assumption, the equation O2ðr!Þ +
4e�ðr!Þ $ 2O2�ðr!Þ is valid in both SOFC electrolyte and elec-
trodes, where r! is any position in the system. The assumption of
local thermodynamic equilibrium implies μO2

ðr!Þ + 4~μeðr!Þ =
2~μO2�ðr!Þ, where μ denotes the chemical potential and ~μ repre-
sents the electrochemical potential of a species. The analysis sug-
gests that the existence of a chemical potential of oxygen as a gas
in a fully dense solid is appropriate.
Nonzero electronic current is a key implication of the local

thermodynamic equilibrium assumption, which implies that

even in a predominantly ionic conductor, the electronic current
cannot be entirely neglected. This is because the electronic trans-
port, however small, plays a decisive role in the establishment of
the above equilibrium and thus, in the establishment of the local
chemical potential of oxygen, μO2

ðr!Þ, which in turn, dictates the
stability of an electrode. In terms of electronic current density, Ie,
and ionic current density, Ii, through the electrolyte, the chemical
potential of oxygen, μO2

, at the cathode/electrolyte interface, μcO2
,

is given by (20) μcO2
= μcathodeO2

+ 4eðrci Ii � r ce IeÞ, where μcathodeO2
is

the μO2
in the cathode gas, r ci is the ionic interfacial area–specific

resistance (ASR) at the cathode/electrolyte interface, and rce is the
electronic interfacial ASR at the cathode/electrolyte interface.

Assuming the ideal gas law for oxygen, one can obtain
μcathodeO2

= μoO2
+ kBT lnðPcathode

O2
Þ, where μoO2

is standard-state gas
phase oxygen chemical potential and Pcathode

O2
is the oxygen

partial pressure at the cathode (gas phase). Then, Pc
O2

≈
Pcathode
O2

exp½� 4eðr ci jIi j+r ce jIe jÞ
kBT

�, suggesting that the oxygen partial
pressure of the interface between the oxygen electrode and elec-
trolyte, Pc

O2
, is less than Pcathode

O2
, which is the oxygen partial

pressure of the incoming oxidant (e.g., 21% in air). In order to
estimate the possible magnitude of Pc

O2
, numerical estimates are

presented in what follows for assumed values of parameters.
The magnitude of the pressure difference is dependent upon
the ðr ci jIij + r ce jIejÞ. Let the operating temperature be 800 °C
(1,073 K), and assume that ðr ci jIij + r ce jIejÞ = 0.2 V, suggesting
that the cell potential difference at the cathode is 0.2 V. Then,
with air as the oxidant (Pcathode

O2
= 0.21 atm), the estimated

Pc
O2

≈ 3:7 × 10�5 atm, a reducing environment that can indeed
change the phase stability of a cathode. The local oxygen partial
pressure (the level of reducing condition) depends on both r ci jIij
and r ce jIej. The most reducing location is at the immediate cath-
ode/electrolyte interface. Table 1 lists the magnitude of Pc

O2
as

a function of cathodic potential difference. The greater Pc
O2

is,
the more stable the cathode is during operation. If the cathode
potential difference is 0.4 V, the local Pc

O2
is as low as 6.5 ×

10�9 atm, at which both LSCF and nickelates will go through
a phase change. In a real case, however, the ionic current can
be measured directly, while it is challenging to obtain the r ce
and Ie . By considering the total electrical potential drop across
the cell (Vcell = r te jIej), the oxygen partial pressure can be calcu-

lated by Pc
O2

= Pcathode
O2

exp � 4e
kBT

r ci jIij + r ce
r te
Vcell

� �h i
. The ratio, r

c
e
r te
,

represents the fraction of cathode electronic resistance (rce ) to
the total electronic resistance (r te ), which is ∼0.06 because the
r te is dominated by the electronically insulative electrolyte (23).
The cathode ionic resistance, r ci , can be estimated from the dis-
tribution of relaxation time analysis (24–26). As the result, Pc

O2

values are estimated and listed in Fig. 2.
As shown in the above discussion, one way to improve the

local PO2 at the cathode/electrolyte interface is to reduce the
electronic resistance by introducing electronic conduction into
the interlayer: for instance, the presence of Pr (27). Fig. 4A

Fig. 3. Quantified phase transformation in PNNO powders and electro-
des. Powders and electrodes at open circuit voltage (OCV) were thermally
annealed at 790 °C for 500 h in air. Phase evolution in electrochemically
operated electrodes is illustrated as a function of current density at various
temperatures and operating times.

Table 1. Oxygen partial pressure (Pc
O2
) at the cathode/

electrolyte interface as a function of the potential
difference at the oxygen electrode

Potential difference 0.05 V 0.1 V 0.2 V 0.3 V

Pc
O2

(atm) 0.024 0.0029 3.7 × 10�5 4.9 × 10�7
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illustrates a standard cell configuration with a conventional
Gd0.20Ce0.80O1.90 (GDC20) interlayer. The first approach to
design interlayers involved a deposition of a thin Pr6O11 film
(∼0.2 μm) on the top of GDC20 (named as PrOx–GDC) with
a Pr-enriched zone at the boundary after sintering, as shown in
Fig. 4B. The second approach is to tune the interlayer chemis-
try by using Pr/Gd codoped ceria Pr0.10Gd0.10Ce0.80O1.90±δ
(PGCO), a bulk form rich with Pr, as shown in Fig. 4C.
Table 2 summarizes the materials and their functions in this
study. These cell configurations were then used to study the role
of the interlayer on the phase transformation and performance
stability of the cathodes (17–19). Fig. 4D shows a scanning elec-
tron microscope image of a cell cross-section, illustrating a respec-
tive thickness of each layer and a gold grid current collector, which
allows for accurate phase evolution studies in cathodes (12).
Fig. 5, Left shows the current density as a function of time for

PNO cathodes on various interlayers at 0.8 V. For each condi-
tion, two cells were measured. The results are reproducible and
consistent among all cells. Remarkable performance stability was
observed in cells with the PGCO interlayer, with 0% degradation
during 500-h tests. Furthermore, the current density at 750 °C
and 0.80 V was promoted by 27% (1.4 A/cm2) with PGCO, in
comparison with the use of a conventional GDC interlayer.

With a conventional GDC interlayer, the decreases in fuel cell
performance originate from the decomposition of the Pr2NiO4

phase (28). The cells with the PrOx–GDC interlayer exhibited
better performance stability than those with the conventional
GDC. The decrease in r ce leads to a smaller oxygen chemical
potential gradient at the electrode/electrolyte interface (r c ,PGCOe <
r c ,PrOx�GDC
e < r c ,GDCe ). As a result, the less reductive atmosphere
with a mild Pc

O2
value (Pcathode

O2
> Pc ,PGCO

O2
> Pc ,PrOx�GDC

O2
>

Pc ,GDC
O2

) suppresses the phase transition in the nickelate electrode
so that the high performance is preserved.

Fig. 5, Right shows similar findings for the PNNO50-50
electrodes. Doping Nd into the Pr2NiO4 structure aims to
improve the phase stability of the oxygen electrode (16, 29). A
high performance with nearly zero degradation at 750 °C and
0.80 V was achieved with a PGCO interlayer. The consistent
and reproducible measurements in multiple cells for each inter-
layer configuration and electrode composition indicate the reli-
ability of our experimental approaches. What surprised us is
that the performance of both PNO and PNNO50-50 exhibit
significantly improved performance stability over a 500-h oper-
ation on the PGCO layer. This is contradicted by an enduring
assumption that the higher the activity, the less the performance
stability. The observation of a high-performance and highly sta-
ble cathode is, however, consistent with the theoretical analysis.

To further illustrate the relation between the phase transfor-
mation and electrochemical operation with different interlayers,
Fig. 6A shows the phase evolution in PNO cathodes in oper-
ated full cells, as shown in Figs. 4 and 5A. With GDC20, 45%
of phase decomposition occurs, confirmed by evolution or
PrOx (+ in Fig. 6A) and a higher-order Pr3Ni2O7 phase (* in
Fig. 6A). However, the cells with the PGCO layer provide the
most promising results. After 500 h of electrochemical opera-
tion, the majority (87%) of the PNO phase (• in Fig. 6A) was
preserved, which agrees with the better performance stability of
the cell with PGCO than the one with GDC. In addition, the

Fig. 4. Schematics showing the overall electrochemical reaction in fuel cells and a nickelate electrode printed on (A) GDC20 (B) PrOx–GDC, and (C) PGCO
interlayers in full cell configuration. (D) Representative scanning electron microscope (SEM) image of a cell cross-section showing the respective thickness of
each layer. A top view of the Au grid (Inset) is shown, which provides an exposure window for phase quantification studies. Nickelate represents PNO
or PNNO.

Table 2. A list of the materials, their chemical
compositions, and their functions

Material Chemical composition Function

PNO Pr2NiO4+δ Oxygen electrode

PNNO (Pr1–xNdx)2NiO4+δ Oxygen electrode

PNNO50-50 (Pr0.5Nd0.5)2NiO4+δ Oxygen electrode
GDC GdxCe1–xO2–0.5x Interlayer

GDC20 Gd0.20Ce0.80O1.90 Interlayer

PGCO Pr0.10Gd0.10Ce0.80O1.90 Interlayer

4 of 6 https://doi.org/10.1073/pnas.2203256119 pnas.org
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PNNO cathode retained a completely stable structure with the
PGCO interlayer (the initial ratio of peak intensities was pre-
served), as shown in Fig. 6B. If a conventional GDC20 was
used, despite the absence of the formation of the Pr3Ni2O7

phase in PNNO electrodes, the evolution of the PrOx peak
(2θ ∼ 29°) is a clear indication of phase change. These results
establish a correlation between phase transformation and electro-
chemical operation. A proper selection of the interlayer does play a
significant role in stabilizing the parent phase. In operando XRD
analysis in full cells at 750 °C and 0.80 V (Fig. 6C) confirms that
the active phase at high current densities (i ≥ 1.0 A/cm2) is the
prevalent high-temperature nickelate phase. PrOx was not
formed in the PNNO50-50 electrode after 150 h of electro-
chemical operation.
In summary, when an oxygen electrode is under polarization,

the oxygen partial pressure at the interface between the oxygen
electrode and the electrolyte is lower than that of incoming
oxidant. Under high polarization, the environment at the afore-
mentioned interface leads to the phase transformation of the
oxygen electrode. The local oxygen partial pressure is deter-
mined by the transport properties at the interfaces. The addi-
tion of electronic conduction in the interface layer results in

improved cell performance and performance stability, while the
phase transformation is significantly suppressed.

Materials and Methods

Thermogravimetric analysis was used to standardize raw materials, including
Pr(NO3)3� xH2O, Nd(NO3)3� xH2O, and Ni(NO3)2� xH2O (99.9% REO; Alfa Aesar).
The glycine–nitrate combustion process was adopted to synthesize nickelate pow-
ders (30), which were then calcined in air at a heating and cooling rate of 3°C/
min. Phase analysis was carried out by using an X-ray diffractometer (Rigaku
Miniflex II), which was equipped with scintillating and high-speed silicon strip
(D/teX) detectors. We have reported details to normalize the flux and peak posi-
tions by using multiple external and internal standards (13). All thermal anneal-
ing processes took place in 3% humidified airflow (18).

Details on cell fabrication procedures are reported elsewhere (13, 31). In
brief, anode-supported button cells (1-inch diameter) were used for electro-
chemical measurements. The interlayer between the oxygen electrode and
YSZ electrolyte consisted of a bimodal doped ceria GDC20, which was screen
printed. The doped ceria interlayer was then sintered at 1,200 °C for 2 h
together with the anode current collector composed of Ni paste and Pt wires
imbedded into Ni mesh. Micrometer carbon powders were added to cathode
powders as a pore former. The mixture of carbon and cathode powders was then
ball milled to obtain a mean particle size of 270 ± 60 nm (obtained via SEM

Fig. 5. Electrochemial performance vs. time for (Left) PNO and (Right) PNNO full cells operated at 750 °C and 0.80 V. Two cells per each condition are
shown. PGCO stands for (Pr0.1Gd0.1)Ce0.8O1.9, as shown in Fig. 4C. PrOx–GDC corresponds to the configuration in Fig. 4B.

Fig. 6. Phase evolution in (A) PNO and (B) PNNO50-50 electrodes operated in full cells at 750 °C and 0.80 V. The flux was normalized, and peak positions
were calibrated with multiple external (Ni-YSZ, single-phase PNO and PrOx) and internal (Au) standards. An XRD pattern illustrated along the bottom shows
the initial cathode/GDC/YSZ/Ni-YSZ cell. Shown progressively from the bottom to the top are the final XRD patterns on cells with various interlayers. The cells
with the PGCO interlayer show a preserved nickelate phase. (C) In situ XRD patterns on an operating PNNO electrode. Phase transformation from room tem-
perature (RT) orthorhombic phase to high-temperature tetragonal (HTT) phase occurs at operating conditions. The parent nickelate phase in PNNO was fully
preserved after the operation. The peaks of PrOx, nickelates, and Pr3Ni2O7 phases are marked as “+”, “•” and “*”, respectively.
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and a particle size analyzer) to prepare cathode ink (18). The ink was screen
printed and sintered at 1,200 °C for 2 h, resulting in a 25-μm electrode thickness
with an active area of 2 cm2. A gold metal grid was screen printed and sintered
at 900 °C to function as the cathode current collector (13, 31). Two Pt wires
were cosintered with gold grids, which allows for the four-probe measurements.

Each button cell was sealed on a tubular alumina stand with a glass paste.
A perforated alumina cap was placed on top of the cell and spring-loaded to
provide sufficient mechanical contact and air delivery to the cathode side. All
button cells were electrically connected with a potentiostat with Pt wires.
During the electrochemical measurements, the anode side was provided with
3% humidified H2 at a flow rate of 200 sccm, while the cathode side was
supplied with 400-sccm air. The current density-voltage (i-V) sweep and elec-
trochemical impedance measurements were performed by using a Biologic
VMP3 multichannel potentiostat (Bio-Logic USA) that was equipped with an
external current booster. The i-V measurements were carried out with a
5-mV/s scan rate, and electrochemical impedance was measured between
0.1 and 50 kHz, with a scan rate of 30 points per decade. The direct current
(dc) and alternating current (ac) measurements were performed every 25 h
of operation (12).

XRD patterns were obtained simultaneously on all cells before and after the
cell operation without any manipulations on the cathode and current collector
surfaces. External Al sample holders, Ni/YSZ/GDC ceramic substrates (or YSZ/GDC
substrates for symmetric cells), and single-phase PNNO and PrOx powders were
used as external standards to ensure a proper peak positioning and normalized
flux. Surface and cross-sectional images on cells were obtained using the Tescan
Vega-3 SEM with Energy-dispersive X-ray spectroscopy (EDS) capability. Focused
ion beam and EDS analysis was performed on a nano-DUE’T double-beam
NB5000 microscope (Hitachi). Elemental mapping on operated electrodes was
performed via JEOL 2010F (JEOL Inc.) scanning and transmission electron micro-
scope (STEM) with EDS capability.

Data, Materials, and Software Availability. All study data are included in
the main text.
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