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in situ exsolution of Ni
nanoparticles from (Ni, Gd)CeO2 for
high-performance solid oxide fuel cells†

Jeiwan Tan,a Daehee Lee, a Jihoon Ahn, a Bokyung Kim,a Joosun Kimb

and Jooho Moon *a

In situ exsolution of metal nanoparticles affords a high content and uniform distribution of metal

nanocatalysts without complex synthetic processes. To implement this strategy in practical electrodes

for solid oxide fuel cells, understanding the exsolution process in terms of synthesis temperature and

atmosphere is a prerequisite. Herein, we demonstrate that Ni:Gd co-doped ceria (GNDC) can be

effectively used as an in situ exsolution system, from which substitutionally doped Ni is thermally

exsolved as NiO nanoparticles strongly attached to the surface of GNDC, the host oxide, and

subsequently reduced to a Ni nanocatalyst under anodic operation conditions. The exsolution

procedures were characterized by X-ray diffraction, Raman spectroscopy, and transmission electron

spectroscopy, which revealed that the evolution of Ni nanoparticles could be solely controlled by

thermal treatment. The thermally exsolved Ni nanocatalyst from the 5 mol% Ni-doped GNDC electrode

exhibits a polarization resistance comparable to that of the mechanically mixed Ni-GDC composite

electrode, with a significant increase in the calculated triple phase boundary density despite having a low

Ni volume fraction. By employing the GNDC layer as a functional layer of an anode-supported SOFC, we

demonstrated the utilization of the thermally exsolved Ni nanocatalyst combined with fluorite-structured

doped-ceria as an electrode of SOFCs at low temperature.
Introduction

In situ exsolution of metal nanoparticles has been employed as
a promising strategy to obtain nano-electrocatalysts for elec-
trochemical energy converters such as fuel cells and electro-
lysers.1–4 In this approach, a catalytically active metallic element
is initially dissolved in an oxide host and subsequently exsolved
from the lattice by reduction, thermal treatment, or applying an
electrochemical potential.4–6 Perovskite oxide (ABO3) materials
are most frequently studied for this phenomenon, in which
catalytically active metal ions are doped into the B-site, which
subsequently evolve as metal nanoparticles. The generated
metal nanoparticles (such as Ni, Co, Mn, Fe, Ag, Ru, etc.) exhibit
a diameter of 10–20 nm with a high surface-to-volume ratio, and
thus possess a high active-site density.2,7–11 Furthermore, the
evolved nanoparticles exhibit not only a uniform distribution
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owing to their inherent homogeneity in the host oxide, but also
an anchored structure strongly bound to the parent oxide, thus
preventing agglomeration-driven deactivation.12,13 However, the
exsolution process for perovskite oxides requires an additional
treatment, in which the host oxide needs to be exposed to
a reducing atmosphere for up to 10 h at elevated temperatures
(>800 �C).3,6,13–15 For a facile exsolution process, application of
an electrochemical potential has been demonstrated to assist
the reduction of metal nanoparticles; however, a thermal
treatment at high temperatures (900 �C) was still necessary for
the electrochemically driven exsolution.6 In addition, perovskite
oxide electrodes are rarely employed along with state-of-the-art
uorite-structured electrolytes because of chemical instability.
For example, interdiffusion of metal ions at the electrode/
electrolyte interface leads to the formation of unnecessary and
undesirable phases.16 In this regard, a simple and efficient
exsolution process using oxide hosts chemically suitable for
uorite-structured electrolytes is important for in situ exsolved
nanocatalyst systems.

Electrodes for solid oxide fuel cells (SOFCs) should possess
not only a high catalytic activity for the electrochemical reac-
tion, but also conduction pathways for both electrons and ions
to maximize the active sites, i.e., triple phase boundary (TPB)
density.17,18 From this perspective, composite electrodes con-
sisting of a metallic catalyst and an ionic conductor have been
J. Mater. Chem. A, 2018, 6, 18133–18142 | 18133
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Fig. 1 (a) XRD patterns of GDC20 and five different compositions of
GNDC with various Ni doping ratios calcined at 600 �C. There are no
detectable NiO peaks regardless of the Ni doping ratio. (b) Enlarged
GNDC (311) peaks shift toward high angles as the Ni doping ratio
increases up to 5 mol% and its position is almost unchanged over
5 mol%. (c) Magnified NiO (100) peaks for the GNDC5 sample at
various annealing temperatures. The NiO peak appears at 800 �C and
further crystallizes at 1250 �C. (d) Enlarged GNDC (311) peaks of
GNDC5-800 and GNDC5-1250 are compared with that of GDC15-
1250. The position of the GNDC (311) peak shifts toward lower angles
after annealing at 1250 �C, which coincides with that of GDC15-1250.
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commonly used.19–21 The ionic conductor can also play a role in
alleviating the mechanical stress caused by the thermal
expansion coefficient (TEC) mismatch between the solid oxide
electrolyte and the electrode. On the other hand, the desirable
electrode structure can be accomplished by using a mixed ionic
and electronic conductor (MIEC) as a host oxide on which iso-
lated metal nanoparticles are exsolved as a catalyst, leading to
a maximum TPB density. In this regard, perovskite or rutile
oxides such as Sr2FeMo0.65Ni0.35O6�d,5 Sr0.95(Ti0.3Fe0.63Ni0.07)
O3�d,10 (La0.75Sr0.25)(Cr0.5Mn0.5�xNix)O3�d,22 (La0.2Sr0.8)(Ti1�x-
Nix)O3�d,23 and NbTi0.5Ni0.5O4 (ref. 3 and 24) have been
employed as host oxides for the in situ exsolved electrodes.
However, perovskite or rutile-based MIECs are thermally
instable compared to uorite-structured electrolytes, which
could restrict the long-term stability of the devices.24,25

Fluorite-structured doped ceria has been widely used as
a solid oxide electrolyte at low temperatures (<650 �C). Doped
ceria can exhibit MIEC properties when reduced while main-
taining mechanical compatibility with the electrolyte, which
renders it a promising host oxide in the composite electrode.26,27

Recently, Pilger et al. demonstrated that Pt nanocatalysts can be
generated from the initially doped ceria host by heat treatment
at above 900 �C under ambient air.28 It was also demonstrated
that Ni can be initially doped into ceria and subsequently
exsolved as a nanocatalyst. Qi et al. employed single-phase
Ce0.85Ni0.15O2 as a cathode in a solid oxide electrolysis cell for
direct carbon dioxide electrolysis. Although the Ni-exsolved
electrode showed improved electrocatalytic properties, Ni
exsolution required high-temperature reduction at 1000 �C for
3 h.29 Ce0.9Ni0.1O2 has been used as an anode of a SOFC;
however, its electrode performance was inferior to that of
a conventional composite anode (i.e., Ni + doped ceria), mainly
due to insufficient ionic conductivity of the CeO2 host (evolved
aer Ni exsolution).30 Moreover, there is no in-depth under-
standing of Ni exsolution from uorite-structured ceria, which
makes it difficult to control the catalytic activity of Ni
nanocatalysts.

Herein, we present thermally driven in situ exsolution of a Ni
nanocatalyst using gadolinium-doped ceria (GdxCe1�xO2�d,
GDC) as an oxide host. Ni:Gd co-doped ceria (Gd2�xNixCe0.8-
O2�d, GNDC) was synthesized to form substitutionally doped Ni
into the GDC host. The sintering of GNDC particles induced the
exsolution of NiO nanoparticles on the surface of GDC, which
was subsequently reduced to a Ni nanocatalyst anchored on the
GDC grains under a reducing atmosphere. To evaluate the
electrode performance, electrochemical impedance spectros-
copy (EIS) was employed to characterize the GNDC symmetrical
electrode as well as the mechanically mixed Ni-GDC composite
electrode for comparison under reducing operation conditions.
The polarization resistance (Rp), particularly associated with the
electrochemical charge-transfer reaction, of the GNDC electrode
was smaller than that of the Ni-GDC composite electrode owing
to the high TPB density afforded by the exsolved Ni nano-
catalyst. The unique anchored structure of the Ni nanocatalyst
onto GDC imparted thermal and electrochemical stabilities
under harsh operation conditions. Furthermore, GNDC was
employed as an anode functional layer of a SOFC and showed
18134 | J. Mater. Chem. A, 2018, 6, 18133–18142
comparable current density with respect to that of the
mechanically mixed Ni-GDC composite counterpart, despite
only �2 vol% of Ni catalyst.
Results and discussion
Characterization of exsolution from GNDCs

GNDC powders capable of in situ exsolution of the Ni nano-
catalyst were prepared by a Pechini-type sol–gel synthesis.
Details of the synthesis process are described in the Experi-
mental section. Fig. 1a shows the X-ray diffraction (XRD)
proles of the as-prepared GNDC powders calcined at 600 �C
with ve different Ni contents (Gd0.2�xNixCe0.8O2�d; x ¼ 0.01,
0.03, 0.05, 0.07, and 0.09). The total moles of the dopants, i.e.,
the moles of (Ni + Gd), were kept at 0.2, and each sample was
denoted by its Ni content as GNDCx (x mol%). For comparison,
the XRD prole of the synthesized GDC with the same doping
level (i.e., Gd0.2Ce0.8O2�d, denoted as GDC20) was also obtained.
Strong diffraction of cubic uorite (JCPDS 75-0161) was
observed for all the samples, implying that incorporation of Ni
did not signicantly alter the crystal structure of GDC. On the
other hand, NiO diffractions (JCPDS 78-0643) were undetectable
in all the samples. This can be explained by two hypotheses: (i)
Ni is doped into either the substitutional site or the interstitial
site of the GDC lattice31,32 and (ii) the crystalline size of undoped
or composited NiOmight be too small to be detected by XRD. As
shown in Fig. 1b, the (311) diffraction peak arising from GNDC
gradually shied toward higher angles with increasing Ni
content in GNDC up to 5 mol%, while Ni addition over 5 mol%
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Raman spectra of GNDC5 powders annealed at 600, 800, and
1250 �C. F2g mode corresponds to the symmetric vibration of oxygen
ions around Ce4+, which blue-shifts with increasing annealing
temperature. Broad features in the 500–650 cm�1 region represent
oxygen vacancies, which could be deconvoluted into extrinsic and
intrinsic oxygen vacancies.
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caused nearly no further change in the peak position. This
observation suggests that the substitutionally doped Ni induces
lattice distortion because its ionic radius is smaller than that of
the Ce host (Ni2+ ¼ 0.69 Å, Ce4+ ¼ 0.97 Å), obeying Vegard's law
for a solid solution.30 According to a previous study on the
interstitial doping of Ni into CeO2,31 the lattice constant of CeO2

(calcined at 450 �C) decreased up to 4 mol% Ni-doping due to
the substitutional replacement of Ce by Ni ions, but increased
above 4 mol% Ni-doping due to interstitial incorporation. In
contrast, we observed the reduction of the lattice constant only
up to 5 mol% of Ni doping, possibly indicating that the inter-
stitial doping is suppressed when calcined at 600 �C. For
a precise assessment, the lattice parameters of the GNDC
samples as a function of Ni content were calculated from the
XRD results by the reference intensity ratio method, as pre-
sented in Fig. S1.†33 The lattice parameters of GNDCs linearly
decreased upon the addition of 1–5mol%Ni, while they became
nearly invariant over 5 mol%. It should be noted that the
increased Ni content in GNDC accompanies a decrease in the
Gd content, which might concurrently cause the observed
lattice shrinkage. We observed lattice shrinkage of GNDCs
when Ni was doped at 1–5 mol% corresponding to a Gd content
variation of 19–15 mol%. However, previous studies showed
that the lattice parameter of GDC gradually shrinks as the Gd
content decreases from 20 to 10 mol%.34,35 In this regard, it can
be inferred that the Ni content, rather than the Gd content,
predominantly determines the lattice constant of GNDC.

Fig. 1c shows the XRD proles of NiO (100) for the GNDC5
samples as a function of air-annealing temperature. To
precisely evaluate the XRD peak variation, we employed an
internal standard method by intentionally mixing a-Al2O3

powder with the samples. While the NiO (100) peak was not
detectable when the samples were annealed at 600 �C (denoted
as GNDC5-600), it appeared at 800 �C (GNDC5-800) and was
clearly observed aer annealing at 1250 �C (GNDC5-1250). The
evolution of NiO upon air annealing above 800 �C entailed the
recovery of the GNDC (311) peak position, as revealed in Fig. 1d.
The GNDC (311) peak shied toward lower angles upon
annealing at 1250 �C and coincided with the peak for 15 mol%
GDC annealed at 1250 �C (denoted as GDC15-1250). The iden-
tical peak position of GNDC5-1250 and GDC15-1250 possibly
indicated that the dopant level of GNDC5-1250 is the same as
that of GDC15-1250. In other words, all Ni ions are exsolved
from GNDC5 upon annealing at 1250 �C. Note that 5 mol% NiO
content is sufficient for detection by XRD, as observed for the
air-annealed samples over 800 �C, while NiO particles are able
to grow rapidly upon annealing over 500 �C.36 If Ni existed as
a separate phase with GNDC5 without being doped, the NiO
phase would have been observable by XRD aer air annealing at
600 �C. Therefore, it is hypothesized that Ni is successfully
incorporated into the vacant sites of Ce, forming a solid solu-
tion of GNDC5 with the maximum solubility at 5 mol%. Upon
subsequent air annealing at 800–1250 �C, Ni is exsolved from
the lattice to form the NiO phase.

To verify this hypothesis, the vibrational properties of
GNDC5 as a function of air-annealing temperature were studied
by Raman spectroscopy, as shown in Fig. 2. The most intense
This journal is © The Royal Society of Chemistry 2018
peak near 460 cm�1 indicated the F2g mode of a cubic uorite-
structured ceria (space group Fm3m), which originated from the
symmetrical stretching of oxygen ions around the Ce
cations.29,37–41 On the other hand, the broad features in the 500–
650 cm�1 region were ascribed to the non-degenerate Raman-
inactive mode of the oxygen vacancies.37,38 These vibrational
modes were strongly associated with substitutional doping of
the Ce cations, which gave rise to a red-shied F2g peak as well
as an enhanced non-degenerate mode of oxygen vacancies
owing to the increased concentration of oxygen vacancies by
doping.38,39 If Ni is located at the Ce lattice site within the
maximum solubility of 5 mol% as hypothesized, 1 mole of Ni
doping would generate 1 mole of oxygen vacancies to conserve
charge neutrality, according to the Kröger–Vink notation:

NiO ���!CeO2
Ni00Ce þO�

O þ V
��

O (1)

The oxygen vacancy generated upon 1 mole of Ni doping is
twice that formed upon 1mole of Gd doping; thus, the vibration
modes in Raman spectra would drastically vary depending on
the valence state of Ni if Ni is initially substitutionally doped
into GNDC5-600. The F2g peak blue-shied gradually as the air-
annealing temperature of GNDC5 increased, accompanying the
diminished non-degenerate mode as plotted in Fig. 2. The non-
degenerate mode can be deconvoluted into two sub-peaks: the
one at �560 cm�1 was assigned to oxygen vacancies generated
upon the replacement of Ce with the dopant, while the other at
�610 cm�1 was ascribed to the intrinsic oxygen vacancies owing
to the nonstoichiometry of ceria.38,41 Typically, the ratio of the
integrated peak area of the non-degenerate mode to that of the
main peak (F2g) reects the relative amount of oxygen vacancies
in the samples.42 For GNDC5 annealed at different tempera-
tures, the peak area (A) of the deconvoluted non-degenerate
mode and F2g mode peaks was obtained aer normalization
based on the F2g peak intensity. AF2g

, Aext, and Aint denote the
peak area of the F2g peak, the extrinsic oxygen vacancy peak at
�560 cm�1, and the intrinsic oxygen vacancy peak at
J. Mater. Chem. A, 2018, 6, 18133–18142 | 18135
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�610 cm�1, respectively. The area ratio representing the relative
amount of extrinsic oxygen vacancies was dened as Rext (¼ Aext/
AF2g

), whereas Rint (¼ Aint/AF2g
) corresponded to the relative

amount of intrinsic oxygen vacancies. As shown in Fig. S2a,†
signicant decreases in both Rext and Rint indicated that the
concentrations of extrinsic oxygen vacancies and intrinsic
oxygen vacancies are drastically diminished with an increase in
air-annealing temperature. On the other hand, in the Raman
spectra of GDC15 (i.e., the same Gd content as that of GNDC5
and without Ni doping), no variations in both the F2g peak (at
460 cm�1) and extrinsic vacancy peak (at �560 cm�1) were
observed regardless of the annealing temperature (Fig. S2b†),
while the intrinsic vacancy peak was attenuated with increasing
annealing temperature (see Fig. S2b† inset). It has been re-
ported that the relative amount of intrinsic oxygen vacancies in
ceria is reduced due to crystallite growth upon high-
temperature annealing, which is irrespective of Ni doping.40,41

Raman analysis clearly supports that the Ni is substitutionally
doped into GDC until its solubility limit when calcined at
600 �C, generating extrinsic oxygen vacancies and is subse-
quently exsolved upon further annealing at higher
temperatures.

The microstructure evolution of NiO oxidized from Ni exso-
lution upon air annealing can be characterized by high-
resolution transmission electron microscopy (HR-TEM).
According to XRD and Raman studies, GNDC5-800 (Fig. 3a
and b) could be regarded as an intermediate state between the
Ni-doped and Ni fully exsolved states, whereas Ni was
completely exsolved in the case of GNDC5-1250 (Fig. 3c and d).
All lattice fringes were obtained by averaging ten intervals of
intensity peaks in the scattering intensity plot to distinguish the
Fig. 3 (a) HR-TEM image of GNDC5-800 regarded as an intermediate
state between Ni-doped and Ni fully exsolved states and (b) its
magnified image to confirm the lattice fringe. Oxidized NiO clusters
with a size below 5 nm are observed. (c) HR-TEM image of GNDC5-
1250 considered as a Ni fully exsolved state and (d) its magnified image.
NiO nanoparticles are protruded at the surface of GDC grains. The
lattice spacing of GNDC and GDC is confirmed by plotting the scat-
tering intensities as shown in Fig. S3.†

18136 | J. Mater. Chem. A, 2018, 6, 18133–18142
difference in lattice spacing between GNDC and GDC (Fig. S3a
and b†). Oxidized NiO clusters with size below 5 nm were
observed in GNDC5-800 (Fig. 3b), which is indicative of partial
exsolution. On the other hand, GNDC5-1250 showed NiO
nanoparticles with approximately 15 nm diameter at the surface
(i.e., Ni was fully exsolved), as shown in Fig. 3c. This observation
allows us to speculate that Ni is exsolved and oxidized to NiO
clusters, subsequently protruding out as nanoparticles during
the high-temperature annealing-driven grain growth, as sche-
matically shown in Scheme 1. The remaining grains aer
complete exsolution of Ni exhibited a lattice spacing of
0.271 nm, which corresponded to the GDC (200) plane (Fig. 3d),
which was larger than the calculated interplanar spacing of
GNDC5 prior to exsolution (Fig. S1†). This value was slightly
larger than that of GNDC5-800 aer partial exsolution
(Fig. S3a†) and indicates that GNDC5-1250 is capable of
returning to Ni-undoped GDC aer complete exsolution of Ni.
Typically, Ni-based anodes for SOFCs are prepared from
a powder mixture of NiO and GDC followed by sintering and
reduction prior to use. Furthermore, we characterized the
reduced GNDC5-1250 under a humidied H2 atmosphere at
650 �C for 30 min by scanning transmission electron micros-
copy (STEM) and energy dispersive X-ray spectroscopy (EDS), as
shown in Fig. 4. Ni nanoparticles reduced from NiO and
attached onto the surface of GNDC5-1250 were clearly observed,
whose size (�15 nm diameter) was not signicantly altered
during the reduction. Despite�40% volumetric shrinkage upon
reduction of NiO to Ni,43 the invariance in the Ni particle size
indicates that thermally exsolved NiO nanoparticles are strongly
attached to the surface of the GDC grains. This microstructural
feature associated with Ni nanoparticles can maximize the
active reaction sites, thus playing a role in yielding an ideal fuel
electrode, which possesses both the high catalytic activity of the
Ni nanocatalyst and the high MIEC properties of GDC upon
reduction.
Electrochemical characterization of the GNDC electrode

To evaluate the electrochemical catalytic activity of the ther-
mally exsolved Ni nanocatalyst aer reduction with respect to
bulk Ni catalyst (particle size � 250 nm), we prepared two
different symmetrical cells using pastes made of either GNDC5
powder alone or mechanically mixed NiO (particle size � 0.3
mm) and GDC composite powder followed by sintering at
1250 �C and reduction at 650 �C. Each cell was composed of two
identical electrodes with a thickness of �20 mm deposited on
both sides of the YSZ electrolyte pellet (�500 mm) (Fig. S4†).
Although Pt was employed as a current collector on top of each
electrode, we assumed that its catalytic contribution is negli-
gible because it was placed out of the effective electrochemical
reaction zone (ERZ, �10 mm (ref. 21 and 50)). We performed EIS
on two symmetrical cells at 650 �C under a humidied H2

atmosphere (3% H2O/H2), as shown in Fig. 5a and b. The ohmic
resistance (Rs), determined by both ion and electron conduc-
tions within the electrolyte and electrode, respectively, of the
GNDC5 cell was slightly larger than that of the mechanically
mixed Ni-GDC cell, possibly due to the limited volume fraction
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Schematic illustration of the thermal exsolution process of GNDC5. Ni is exsolved and thermally oxidized to NiO clusters, and
subsequent annealing induces the growth of NiO nanoparticles protruding onto the surface of the recovered GDC phase from GNDC.

Fig. 4 HAADF image and EDS elemental maps showing the micro-
structure of Ni nanoparticles reduced from NiO attached onto the
surface GNDC5-1250. The reduction was performed at 650 �C for
30 min.
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of metallic Ni for electron conduction; however, the insigni-
cant difference in Rs indicated that GDC retains sufficient
electronic conductivity even aer reduction. Interestingly, the
GNDC5 electrode showed a lower Rp (1.04 U cm2, one half of the
arc diameter, Fig. 5a) than the mechanically mixed Ni-GDC
composite electrode (Rp ¼ 1.38 U cm2, Fig. 5b) whose bulk Ni
volume fraction was�40%, despite the lower volume fraction of
Ni (2%) in the thermally exsolved Ni nanocatalyst. In addition, it
is substantially lower than those of other powder-processed Ni-
ceria composite electrodes reported in the literature (Table S1†).
For detailed analysis, the Rp was deconvoluted using a simple
equivalent circuit model consisting of two serially connected
resistor-capacitor models with a resistance and a constant
phase element. According to a previous EIS analysis of
a Ni-based composite electrode,44,45 the rst semicircle in the
high-frequency range (RHF) arises from the oxygen ion transport
kinetics through the GDC phase and the second arc in the
low-frequency region (RLF) represents the electrochemical
charge-transfer reaction at the TPBs (i.e., Ni/GDC interface),
This journal is © The Royal Society of Chemistry 2018
while the two resistances vary according to the relative contents
of Ni and GDC. For example, an electrode with a high volume
fraction of GDC (i.e., relatively low Ni volume fraction) exhibits
a small RHF owing to enhanced oxygen ion transport, whereas
the RLF should be large due to insufficient TPB density. Thus,
the composition of the Ni-GDC composite electrode is generally
optimized in the range of 40–50 vol% Ni.21 Surprisingly, the
GNDC5 electrode composed of �98 vol% GDC exhibited lower
RHF and RLF than those of the Ni-GDC composite electrode
(tted results are shown in Table S2†), despite having only
�2 vol% of Ni. This implies that the TPB density in the GNDC5
electrode could be increased compared to the Ni-GDC
composite electrode. On the other hand, the porosity of the Ni
based cermet anode in SOFCs is created by burning organic
additives (such as a solvent, binder and pore former) or in situ
reduction of NiO to Ni, while insufficient porosity could impede
gas phase diffusion within the electrode, possibly increasing the
total Rp. Despite no NiO reduction induced pore formation in
the GNDC5 electrode, their EIS responses were independent of
varying total gas ow rate, demonstrating that the gas phase
diffusion limit is negligible (Fig. S5†).

The cross-sectional scanning electron microscopy (SEM)
image of the GNDC5 electrode aer EIS measurements clearly
revealed Ni nanoparticles with 10–20 nm size well-anchored on
the GDC grains (Fig. 5c), whereas Ni and GDC grains were
simply intermixed in the mechanically mixed Ni-GDC
composite electrode (Fig. 5d). To estimate the TPB density
created by the Ni nanocatalyst in the GNDC5 electrode, we
measured the total perimeter of the exsolved Ni nanoparticles
using ImageJ soware, as shown in Fig. S6.† The TPB density
from the two-dimensional image (Fig. 5c) was estimated to be
�2448 m cm�2, which was �2.5 times larger than the reported
value for the mechanically mixed Ni-based composite elec-
trode.46 In addition, we calculated the volumetric TPB density to
be �2.4 � 107 m cm�3 assuming that the depth of the electrode
in Fig. 5c was 1 mm, which was �5.7 times larger than the re-
ported volumetric TPB density of the Ni-YSZ composite elec-
trode.47 Although the porosity of the GNDC5 electrode was not
considered in our estimation, the TPB density created by the Ni
J. Mater. Chem. A, 2018, 6, 18133–18142 | 18137
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Fig. 5 Nyquist plot of the (a) synthesized GNDC5 and (b) mechanically mixed Ni-GDC composite electrodes. EIS of each symmetrical cell was
measured at 650 �C in a humidified H2 atmosphere (3% H2O/H2). The Rp arc was deconvoluted into two semicircles: RHF represents the
resistance for oxygen ion transport through the GDC phase (blue), whereas RLF corresponds to the electrochemical charge-transfer reaction
resistance (green). Cross-sectional SEM image of the (c) GNDC5 electrode showing the Ni nanocatalyst anchored onto the GDC surface, and (d)
Ni-GDC composite electrode revealing simply intermixed Ni and GDC grains. Both images are obtained after EIS measurements.
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nanocatalyst should be still large as compared to that of the
mechanically mixed Ni-GDC composite electrode, for example,
�3.4 times larger TPB density considering �40 vol% porosity.
This was in agreement with the smaller RLF of GNDC5 as
compared with that of the Ni-GDC composite electrode ob-
tained from the EIS results. The activation energy (Ea) for these
electrodes was obtained from the EIS measurements in the
range of 650–500 �C. The calculated Ea values from the Arrhe-
nius relation (i.e., linear dependence in a plot of ln(1/Rp) over 1/
T) of the GNDC5 electrode and mechanically mixed Ni-GDC
composite electrode were 1.06 eV and 1.23 eV, respectively
(Fig. S7†). According to a previous study on the electrode
process for the hydrogen evolution reaction, the main elemen-
tary reaction step can be distinguished into three distinct steps
based on the calculated Ea: a gas phase diffusion step when Ea <
0.2 eV, hydrogen adsorption/dissociation step when Ea �
0.4–0.5 eV, and electrochemical charge-transfer reaction when
Ea � 0.8–1.2 eV.48 While both electrode reactions are identically
rate-determined by a charge-transfer reaction at TPBs, the Rp of
the GNDC5 electrode was further lowered with respect to the
18138 | J. Mater. Chem. A, 2018, 6, 18133–18142
mechanically mixed Ni-GDC electrode with decreasing
temperature, suggesting that the Ni nanocatalyst thermally
exsolved from GNDC can play an effective role especially at
lower temperatures.

To support the catalytic role of the exsolved Ni nanocatalyst
in the GNDC5 electrode, we further conducted EIS measure-
ments on GDC20 (i.e., synthesized powder without Ni doping)-
based symmetrical cells (sintered at 1250 �C and reduced at
650 �C). As shown in Fig. S8,† the Rp of the GDC20 electrode
became signicantly larger than that of the GNDC5 electrode,
while it could be expected that the resistance associated with
the charge-transfer reaction particularly increased. This implies
that the electrochemical reaction is suppressed because TPB
cannot exist without the exsolved Ni catalyst. To evaluate the
structural stability toward thermal and electrochemical
stresses, accelerated lifetime tests (ALTs)49 were performed on
the GNDC5 electrode at 650 �C by applying a pyramid-type
cyclic current load in the range of 0–1 A cm�2. Each current
load lasted 30 min (histogram), and subsequently, EIS was
performed to obtain the Rp (line plot with a triangle marker), as
This journal is © The Royal Society of Chemistry 2018
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shown in Fig. 6. The Rp of the GNDC5 electrode remained nearly
constant while the current cycles were applied up to 50 h,
indicating that the TPB density induced by the Ni nanocatalyst
was thermally and electrochemically stable. Therefore, it can be
explained that the unique anchored structure of the Ni nano-
catalyst onto the GDC prevents further agglomeration under
severe operation conditions.
Full cell performances

The SOFC is one of the most promising energy conversion
devices, in which electrical energy can be generated by
supplying fuel and oxidants.50 The state-of-the-art SOFC design
is an anode-supported conguration with a thin electrolyte
(10–20 mm), and themost common and simplest anode reaction
is H2 + O2� 4 H2O + 2e�, which can be easily catalyzed using
a Ni-GDC composite anode. Typically, an anode functional layer
(AFL) comprising submicron-sized Ni and GDC particles is
introduced at the interface between an anode support and the
electrolyte to maximize the TPB density, where the effective ERZ
is �10 mm.21,51 Because it was conrmed that the thermally
exsolved Ni nanocatalyst from GNDC5 could effectively enhance
the TPB density, we introduced GNDC5 (thickness � 5 mm;
thickness dependence will be discussed below) as an AFL and
compared it with a submicron-sized bulk Ni-GDC composite
AFL (thickness � 10 mm). For precise comparison, an identical
anode-supported cell structure except for the AFL thickness was
fabricated, as shown in Fig. 7a (i.e., Ni-GDC|AFL(Ni-GDC or
GNDC5)|GDC|LSCF-GDC, each cell is denoted as the Ni-GDC
cell and GNDC5 cell). The current–voltage (I–V) characteristics
and the corresponding power densities of the Ni-GDC cell and
GNDC5 cell at different temperatures (650–550 �C) are shown in
Fig. 7b. The backscattering electron mode of SEM conrmed
that both the cells exhibited similar microstructures of the
cathode and electrolyte with different AFL thicknesses
(Fig. S9†). Additionally, both the cells showed almost identical
open circuit voltages at each temperature and similar perfor-
mances at 650 �C. However, the difference in power density
arose at a lower temperature, with the GNDC5 cell
Fig. 6 Polarization resistance (Rp) of the GNDC5 electrode during the
ALT at 650 �C. The histogram shows the applied current load over
30 min and the line plot with the triangle marker shows Rp variation
measured after each current load.

This journal is © The Royal Society of Chemistry 2018
outperforming the Ni-GDC cell. At 0.7 V, the Ni-GDC cell
exhibited current densities of 0.41 A cm�2 and 0.15 A cm�2 at
600 �C and 550 �C, respectively, whereas the GNDC5 cell showed
current densities of 0.49 A cm�2 (�120% increase with respect
to the Ni-GDC cell) and 0.20 A cm�2 (�133%) at 600 �C and
550 �C, respectively. It should be noted that the performance
level of our Ni-GDC control cell matches well with the values
reported by previous studies for the Ni-GDC AFL system.21,51

The EIS measurements at 650–550 �C for both the cells are
summarized in Table S3.† At 650 �C, the total electrode Rp of
the full cell under OCV conditions was only 0.103U cm2, which
was even lower than that of the GNDC5 electrode obtained
from the symmetrical cell (1.04 U cm2) under a reducing
atmosphere. It is speculated that the electrochemical reac-
tions at both the cathode and anode are promoted under an
oxygen partial pressure gradient across the full cell. At the OCV
state of the full cell, the concentration gradient of O2� across
the electrolyte is generated owing to different oxygen partial
pressures between the cathode and anode, in which this
gradient can enhance the reaction kinetics of each electro-
chemical reaction. On the other hand, this concentration
gradient of O2� in the symmetrical cell is zero under OCV
conditions; thus no additional driving force exists for the
anodic reaction, in turn increasing the Rp. Although the total
Rp of the full cell includes both cathodic and anodic effects,
which are hardly distinguished from the EIS response, the
GNDC5 cell consistently revealed a larger Rs and smaller Rp as
compared to those of the Ni-GDC cell at all temperatures
(Table S3†). In addition, the difference in Rp increased with
decreasing temperature (Fig. 7c), similar to the cell perfor-
mance variation in Fig. 7b and Arrhenius relation in Fig. S7.†
While the power density in the high-current region was
inuenced by complicated contributions of activation, ohmic,
and concentration polarizations, the activation polarization
associated with TPB density reduced when the Ni nanocatalyst
in the GNDC5 AFL was used at lower temperatures (<650 �C),
assuming identical cathodic polarization. Although this is not
such a large improvement, it should be noted that sufficient
TPB density of the anode can be obtained with only �2 vol% of
Ni using thermal exsolution from GNDC5.

To further improve the cell performance, the thickness of the
GNDC5 AFL needs to be optimized because an effective ERZ is
considered as �10 mm from the electrolyte.44 We fabricated two
different cells with �5 mm (cell-A, Fig. S10a†) and �11 mm (cell-
B, Fig. S10b†) GNDC5 AFL thicknesses, with �20 mm-thick
electrolyte. Interestingly, cell-B exhibited lower I–V perfor-
mance despite having a thicker GNDC5 AFL (Fig. S10c†) while
the Rp was almost identical (Fig. S10d†). It can be speculated
that the effective ERZ for GNDC5 was within�5 mm because the
Rp of cell-A (AFL � 5 mm) and cell-B (AFL � 11 mm) were almost
identical, while the sluggish electronic conduction through the
GNDC5 layer (>5 mm) due to insufficient Ni volume could
directly impede the cell performance by increasing the Rs.
According to these observations, it is clear that the thermally
exsolved Ni nanocatalyst enhances the electrochemical charge-
transfer reaction due to the increased TPB density; however,
ohmic polarization should be minimized to achieve high-
J. Mater. Chem. A, 2018, 6, 18133–18142 | 18139
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Fig. 7 (a) Schematic illustration of the anode-supported SOFC structure with two different AFLs (Ni-GDC composite or GNDC5). (b) Current–
voltage characteristics of the GNDC5 cell (red) and Ni-GDC cell (blue) at different temperatures. 3% H2O/H2 and air are supplied to the anode and
cathode, respectively. (c) The corresponding Rp measured at 650, 600, and 550 �C.

Scheme 2 Schematic illustration of the SOFC anode reaction on the
Ni nanocatalyst-exsolved GNDC5 electrode and mechanically mixed
Ni-GDC composite electrode. The charge-transfer reaction is
enhanced owing to increased TPB density endowed by Ni nano-
catalysts in the GNDC5 electrode, but sluggish electron conduction
through GDC could increase the total ohmic polarization.
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performance SOFCs because of the sluggish electronic
conduction through the GNDC5 layer (i.e., recovered GDC from
GNDC), as illustrated in Scheme 2.
Conclusions

In summary, we, for the rst time, demonstrated a facile Ni
exsolution from GNDC through an in-depth understanding of
the thermal behavior of exsolved Ni and the GDC host oxide.
Upto 5 mol% Ni can be substitutionally doped into GDC
forming GNDC5, from which Ni was thermally exsolved and
oxidized into NiO clusters with 5 nm size, which subsequently
protruded out as nanoparticles (�15 nm) during the high-
temperature annealing-driven grain growth of GNDC. There-
fore, Ni was strongly attached to GDC, yielding a surface-
anchored nanocatalyst aer reduction. Although the Rs of the
GNDC5 electrode inevitably increased due to the limited volume
fraction of metallic Ni, the Rp decreased compared with that of
the mechanically mixed Ni-GDC composite electrode, owing to
the signicantly increased TPB density provided by the Ni
nanocatalyst. In addition, our thermally driven Ni-exsolved
GNDC5 revealed great potential as an AFL for SOFCs,
improving the electrochemical performance particularly at
lower temperatures.
18140 | J. Mater. Chem. A, 2018, 6, 18133–18142
Experimental section
Synthesis and analyses of GNDC/GDC powders

GNDC powders were prepared by a Pechini-type polymerizable
complex method. Required amounts of metal nitrate precur-
sors, Ni(NO3)2$6H2O (Junsei Chemical Co., 97.0%), Gd(NO3)3-
$6H2O (Sigma Aldrich, 99.9%), and Ce(NO3)3$6H2O (Sigma
Aldrich, 99.9%), were dissolved in DI water with ethylene
diamine tetra-acetic acid (EDTA, Ducksan Pure Chemical 99%)
as a chelating agent and heated to 65 �C. The solution pH was
adjusted to 6 using ammonium hydroxide, and subsequently,
ethylene glycol (Sigma Aldrich, 99.5%) was added to this solu-
tion as a polymerization agent at 95 �C. The blue polymeric
solution (should be colorless without the Ni precursor for
synthesis of GDC) was gradually condensed up to 300 �C, which
induced self-ignition of the polymer complex and yielded ash-
colored intermediates.52,53 Finally, GNDC powders were ob-
tained aer calcination at 600 �C for 4 h. Similarly, GDC
powders (i.e., GDC15 and GDC20) were synthesized without a Ni
precursor. For further analyses of GNDC5, the calcined powder
was annealed at 800 �C and 1250 �C, respectively, for 3 h. The
phase formation of the synthesized powders was examined
using a Rigaku Miniex 600 X-ray diffractometer (Cu Ka, scan
rate ¼ 1� min�1). In all XRD measurements, a-Al2O3 powders
(JCPDS 46-1212, circular symbol in Fig. 1a) were employed as an
internal reference for the calibration of peak positions and
intensities of GNDCs and GDC.54 For unit cell parameter
calculations, quantitative analyses by the reference intensity
ratio method were performed using PDXL (Rigaku Corporation,
Japan) soware. Raman scattering analysis was performed at
room temperature under ambient conditions using a Horiba
Jovin Yvon LabRam Aramis spectrometer equipped with a CCD
camera. An Ar-ion laser (514 nm) was used as the excitation
source, with a beam intensity of �1.0 mW, measured at the
sample surface, to avoid heating. The instrument was calibrated
with a silicon wafer using the 521 cm�1 peak. Each Raman
spectrum was normalized by the F2g peak intensity, and a Lor-
entzian function was employed to deconvolute the non-
degenerate mode. The microstructures of GNDC5 powders
and the corresponding high-angle annular dark eld (HAADF)
images and STEM-EDS maps were obtained (Talos F200X, FEI,
This journal is © The Royal Society of Chemistry 2018
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Hillsboro, OR, USA) at 200 kV acceleration voltage. For precise
comparison, the scattering intensities of lattice fringes were
obtained using Gatan soware.

Fabrication and characterization of symmetrical cells

To evaluate the electrocatalytic activities, we fabricated an
electrolyte-supported symmetrical half-cell as follows. For the
electrolyte support, commercial YSZ powders (8 mol% Y2O3–

ZrO2, TZ-8Y, Tosoh Co., Japan) were pressed into a pellet with
a diameter of 25 mm, sintered at 1500 �C for 5 h in air, and
subsequently polished to 0.5 mm thickness. The synthesized
GNDC powders as well as the mechanically mixed NiO (J.T.
Bakers) and GDC10 (Fuel Cell Materials) powders (5 : 5 in
a weight ratio) were used to prepare the screen printing paste,
respectively, which is a mixture of the powder and an organic
solvent composed of ethyl cellulose and a-terpineol (Sigma
Aldrich). A circular electrode with 1 cm2 area was obtained at
the center of the YSZ electrolyte pellet at each side by screen
printing through a 300-size mesh and was subsequently sin-
tered at 1250 �C for 3 h in air to attain a porous microstructure
with �20 mm thickness. A Pt mesh and Pt paste (5542, ESL
Electroscience, PA, USA) were employed as current collectors.
Electrochemical impedance spectra were obtained at various
temperatures (500–650 �C) using a Solartron SI 1260/1287
instrument in the frequency range of 100 kHz to 0.01 Hz with
an AC amplitude of 20 mV. Humidied hydrogen (3% H2O/H2)
was equally supplied to both sides of the symmetrical cells
during characterization. A eld emission SEM (JSM-7800F,
JEOL, Japan) was employed to conrm the microstructure of
each electrode aer EIS measurements. To estimate the TPB
density, ImageJ soware (National Institute of Health) was used
to measure the total perimeter of the exsolved Ni nanoparticles.
A pyramid-type cyclic current load was supplied for the ALT, and
each cyclic load consisted of an increasing step current from
0 to 1 A cm�2 and then a returning step current from 1 to 0 A
cm�2 with 0.2/�0.2 A cm�2. At each step, a constant current
density (i.e., galvanostatic) was applied for 30 min, and subse-
quently, EIS was measured.

Full cell fabrication and characterization

For the Ni-GDC support, commercial NiO (J.T. Bakers) and
GDC10 (Fuel Cell Materials) powders (6 : 4 in a weight ratio)
were mixed with 10 wt% of carbon black as a pore former in
ethanol solvent and ball-milled for 24 h. Aer drying and
sieving, the powder mixture was pressed into a pellet with
a diameter of 25 mm and burned at 1200 �C for 3 h. For all dip-
coating processes, we used isopropyl alcohol and toluene
(2 : 1 vol%), DISPERBYK-2163 (BYK Additives & Instruments)
and polyvinyl butyral (Sigma Aldrich) as a solvent, dispersant,
and binder, respectively, for the slurry mixture. For the Ni-GDC
cell, submicron-sized NiO and GDC powders (Fuel Cell Mate-
rials, 5 : 5 in a weight ratio, 2.5 vol% of solid loading) were rst
dip-coated onto the Ni-GDC support to deposit the Ni-GDC
composite AFL and pre-sintered at 1150 �C for 3 h. Subse-
quently, GDC electrolyte (3 vol% of solid loading, �13 mm) was
dip-coated and co-sintered at 1350 �C for 3 h. The LSCF-GDC
This journal is © The Royal Society of Chemistry 2018
(Fuel Cell Materials; 5 : 5, w/w) composite cathode was screen-
printed at the unpolished side of the electrolyte and sintered
at 1000 �C for 4 h. Aer sintering of the cathode, the Pt mesh
attached with Pt paste and Ni felts were employed as current
collectors for the cathode and anode, respectively. For the
GNDC5 cell, all the processes were identical except for the AFL;
the composite AFL was replaced with the GNDC5 AFL. For the
GNDC5 AFL dip-coating slurry, the as-synthesized GNDC5
powder (2.2 vol% of solid loading) and a sufficient amount of
binder were dissolved in order to ensure the porosity of the AFL
aer sintering (pre-sintered at 1150 �C for 3 h). To adjust the
thickness of the AFL, the solid loading of GNDC5 powder was
varied (2.2 vol% for cell-A and 2.5 vol% for cell-B), while the
GDC electrolyte (3.5 vol% of solid loading, �20 mm) and all
other conditions were xed. For electrochemical measure-
ments, I–V curves and EIS spectra were measured while
supplying 80 sccm of 3% H2O/H2 to the anode and 400 sccm of
ambient air to the cathode.
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