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ABSTRACT: The oxygen electrode with fast oxygen reduction reaction (ORR), oxygen evolution
reaction (OER) and sufficient durability plays a pivotal role in reversible solid oxide cells (RSOCs).
Here we demonstrate a novel NdBa0.5Ca0.5Co1.5Fe0.5O5+δ@Gd0.1Ce0.9O2-δ (NBCCF@GDC)
composite oxygen electrode via a one-pot method for exhibiting strong coherency, which resulting
in boosting electrochemical performance of RSOCs. The NBCCF@GDC electrode yields a very
low polarization resistance (0.106 Ω cm2 at 800 °C), high electrolysis current density (1.45 A cm-2
with 70 vol% absolute humidity at 1.3 V), high power density (~ 1.3 W cm-2 at 800 °C) and shows
excellent reversibility and stability. Notably, strong coherency in these NBCCF@GDC composite
materials was successfully revealed by HT-XRD, XPS, STEM and EELS. The phase contiguity
and interfacial coherence between NBCCF and GDC increase the Co oxidation state and the
number of active sites, which enhanced the electrocatalytic activity for perovskites. Overall, this
work demonstrates a highly desirable strategy for the production of functionalized electrodes for
next generation reversible solid oxide cells.

KEYWORDS: One-pot method; Oxygen electrode; NBCCF@GDC composite; Reversible solid
oxide cells; Strong coherency
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1. Introduction
Increasing energy demand and the environmental impact of fossil fuels pose great challenges
to modern society

[1]

. Therefore, numerous new energy technologies have been developed to

address these problems [2-5]. Among them, reversible solid oxide cells (RSOCs) have been favored
due to their high efficiency and their use of more environmentally-friendly fuels/by-products [6, 7].
They can convert the chemical energy of fuel (H2, CO, CH4, etc) into clean electric energy in the
fuel cell mode (SOFC), or use the intermittent clean energy (wind, solar, tidal energy, etc.) to
electrolyze H2O or CO2 for energy storage in the electrolysis mode (SOEC) [8, 9].
In the sandwich structure of RSOCs (hydrogen electrode, electrolyte and oxygen electrode),
the oxygen electrode plays a pivotal role in the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) in fuel cell and electrolysis mode, respectively. Their slowness acts as a
rate-limiting step. Also, they often use oxides of Ir or Pt which are expensive materials. Therefore,
a number of studies have focused on the development of high performance oxygen electrode.
Double perovskite (DP) oxides with formula of AA'BB'O6 (where A is rare-earth metal, A' is an
alkali or alkaline earth metal and B, B' is a transition metal) have superior mixed ionic
conductivities and oxygen surface exchange coefficient. This type of perovskite material has
aroused widespread research interest. SOFCs based on these cathode materials with ORR activity
have achieved good electrochemical performance: for example, PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (0.986
W cm-2 at 800 °C) [10], SmBa0.5Sr0.5Co1.5Fe0.5O5+δ (1.56 W cm-2 at 600 °C) [11], NdBa0.5Sr0.5Co2O5+δ
(1.086 W cm-2 at 600 °C) [12]. In addition, a number of studies have demonstrated that Ca-doping
in double perovskite oxides can reduce thermal expansion coefficient (TEC), facilitate electrical
conductivity and provide higher oxygen vacancy concentrations [13-16]. In particular, Hua et al. have
reported on NdBa0.75Ca0.25Co1.5Fe0.5O5+δ with excellent ORR catalytic performance at both room
and elevated temperatures

[17]

. However, relatively little investigation has been reported on this
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system’s OER performance at high temperature so far.
Another major stumbling blocks for the commercialization of new electrode materials are
reliable material synthesis and their incorporation via appropriate cell manufacturing methods.
Physically mixing the electrode with electrolyte ((La, Sr)MnO3-Y0.08Zr0.92O2, (La, Sr)(Co, Fe)O3Gd0.1Ce0.9O2, etc.) as composite oxygen electrodes can increase the number of triple phase
boundaries (TPB) and hence improve the electrocatalytic performance [18, 19]. Other approaches are
the production of nanostructured composite electrodes by impregnation of the perovskite into the
electrolyte skeleton

[20, 21]

and exsolution of nanoparticles from the perovskite matrix for high

performance oxygen electrodes [22-24]. However, the inhomogeneity of physical mixing and particle
coarsening or agglomeration are the main challenges

[25-27]

. Furthermore, the complex synthesis

procedure, specialized facilities and extreme experimental conditions are often required for
preparing these materials. These factors can make cost-effective and large-scale production
extremely challenging. Therefore, an economical and reliable electrode preparation method is
urgently needed to develop.
Here we demonstrate a rapid, low-cost and low-energy one-pot technique to synthesize
NdBa0.5Ca0.5Co1.5Fe0.5O5+δ@Gd0.1Ce0.9O2-δ composite oxygen electrodes, which exhibiting strong
coherency outperforms physical contact between NBCCF and GDC. Notably, strong coherency in
these NBCCF@GDC composite materials was successfully revealed by HT-XRD, XPS, STEM
and EELS. RSOCs based on this novel composite oxygen electrode can achieve excellent
electrocatalytic performance and stability both in SOFC and SOEC modes. Specifically, this
technique can prepare electrodes with lower polarization resistance, higher power density and
higher electrolysis current density compared with those prepared by traditional physical mixing
method at reduced cost. These results demonstrate that this novel technique provides exciting new
opportunities for performance enhancement of oxygen electrode for RSOCs.
4

2. Experimental
2.1 Sample and cell preparation
NdBa0.5Ca0.5Co1.5Fe0.5O5+δ@Gd0.1Ce0.9O2-δ (NBCCF@GDC) powders with the weight ratio
of 60:40 were prepared by one-pot method as shown in Fig. 1, using Nd(NO3)3 6H2O, Ba(NO3)2,
Ca(NO3)2 4H2O, Co(NO3)2 6H2O, Fe(NO3)3 9H2O, Gd(NO3)3 6H2O, Ce(NO3)3 6H2O, citric acid
(CA), ethylenediaminetetraacetic acid (EDTA) and ammonia solution as precursors. All nitrates
were purchased from Sigma-Aldrich. Firstly, all stoichiometric nitrates were dissolved in deionized
water and then added to EDTA and CA with the metal ions/EDTA/CA in a molar ratio of 1:1:1.5.
The pH value of the aqueous solution was adjusted to 7 by ammonia solution and then stirred on a
hot plate until the gel was formed. The gel was heat-treated at 300 °C in an oven for 10 h before
calcination at 1000 °C in air for 2 h to obtain the final NBCCF@GDC sample. Pure NBCCF and
GDC powders were also synthesized separately by the sol-gel method [10, 28].

Fig. 1 Schematic of one-pot synthesis of NBCCF@GDC.
Symmetrical cell configurations of NBCCF@GDC/GDC/YSZ/GDC/NBCCF@GDC were
prepared to evaluate the polarization resistance of NBCCF@GDC. For full cell performance
measurements, the cell configuration Ni-YSZ/YSZ/GDC/NBCCF@GDC was prepared, and
hydrogen electrode-supported (Ni-YSZ), Ni-YSZ functional layer, YSZ electrolyte were fabricated
by tape-casting and screen-printing method. The detailed preparation steps can be found in our
previous works

[29, 30]

. The GDC buffer layer was used to prevent the possible chemical reaction
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between the oxygen electrode and electrolyte. The NBCCF@GDC powders were mixed with a
binder (4% ethylcellulose dissolved in terpineol) in a mass ratio of 60:40 to form a paste. Then
NBCCF@GDC paste was screen-printed on the GDC surface and fired at 1000 °C in air for 2 h to
obtain the final cell. The symmetrical cell and full cell with physical mixing NBCCF-GDC
composite electrode (60 wt%:40 wt%) were also prepared for comparison. All cells have active
areas of 0.5 cm2 and Pt slurry was used as the current collector.
2.2 Characterization and measurements
The phase purity and crystal structure of NBCCF@GDC, NBCCF and GDC were
characterized by X-ray diffraction (XRD, Shimadzu XRD-7000S). In-situ high temperature XRD
was used to confirm the formation of NBCCF@GDC from room temperature to 850 °C using a
PANalytical Empyrean X-ray diffractometer (Mo Ka1,2). Morphology of physical mixing
NBCCF-GDC powders, NBCCF@GDC powders and Ni-YSZ/YSZ/GDC/NBCCF@GDC cell
were characterized using field emission scanning electron microscopy (FESEM, Zeiss Neon 40EsB
and Supra-55 Sapphire) combined with energy dispersive spectroscopy (EDS). Transmission
electron microscopy (TEM), EDS analysis and electron energy loss spectroscopy (EELS) analysis
were performed on a FEI Titan Themis instrument. Thin lamella was prepared for TEM by focused
ion beam (FIB) using a FEI Scios scanning electron microscope (SEM). TGA (STA449F5,
NETZSCH) was used to characterize the thermophysical property of NBCCF@GDC and NBCCFGDC from room temperature to 1000 °C with a heating rate of 10 °C min-1 under air. The surface
areas were determined by the Brunauer-Emmet-Teller (BET) method using Micromeritics
ASAP2020. The thermal expansion coefficient (TEC) was measured by Netzsch Dilatometer
DIL402C and the conductivity tests were conducted by a four-probe method using dense bar (20
mm×5 mm×1.5 mm) calcined at 1250 °C for 5 h. The surface element distribution of the samples
was evaluated by X-ray photoelectron spectroscopy (XPS, VG Multilab 2000) using Al Kα
6

radiation (hν = 1486.6 eV) and the spectra were calibrated by the C1s peak 284.8 eV. Fouriertransform infra-red (FT-IR) spectra were recorded at room temperature on a Shimadzu IRAffinity
1S IR Spectrometer.
The symmetrical cell was tested in air at different temperatures. For the full cell test, it was
sealed on an Al2O3 tube using ceramic adhesive (552-VFG, Aremco). In SOFC mode, humidified
hydrogen and air were fed into the hydrogen and the oxygen electrodes, respectively, at flow rates
of 100 ml min-1. In SOEC mode, the saturated steam concentration and the ratio of H2O-CO2 were
controlled by a thermostatic water bath. The electrochemical performance of SOCs was measured
by an electrochemical workstation (Zennium IM6 station), including the current density-voltage
curves, electrochemical impedance spectra (the frequency range of 0.1-100 kHz with an amplitude
of 10 mV), the reversibility and stability of SOCs in SOFC and SOEC mode. Electrochemical
impedance spectra were analyzed by distribution of relaxation time (DRT)

[31, 32]

. The

microstructure and element distribution of full cell after test were observed by environmental
scanning electron microscope (ESEM, Quanta 200).
3. Results and discussion
3.1. Physicochemical properties
The crystal structure of the as-prepared NBCCF@GDC composites was investigated by XRD.
Fig. 2(a) shows the XRD patterns of the NBCCF, GDC and NBCCF@GDC powders. It can be
observed that the fluorite structure is assigned for GDC while NBCCF presents a double perovskite
phase without any detectable impurity peaks. For the NBCCF@GDC powders, only the expected
diffraction peaks from NBCCF and GDC are observed, indicating that NBCCF and GDC have
good chemical compatibility. This therefore confirms that the NBCCF@GDC fired at 1000 °C can
form two individual phases rather than a unique phase (Fig. 2(b)), suggesting that the one-pot
method is an effective and facile way to prepare such NBCCF@GDC composite. The TG curves
7

of NBCCF@GDC and NBCCF-GDC under air are recorded in Fig. 2(c). The weight change at the
higher temperature range is attributed to the formation of oxygen vacancies. NBCCF@GDC has
the large weight loss compared with NBCCF-GDC indicating that it has more oxygen vacancies.
Oxygen vacancies are generally regarded as the reactive sites and contribute to the enhancement
of ORR and OER performance [33]. The BET specific surface area of NBCCF@GDC is 16.10 m2
g-1 as shown in Fig. 2(d), which is 5 times higher than that of NBCCF-GDC. This is because
NBCCF@GDC powders synthesized by the one-pot method are fine and uniform. Crucially,
NBCCF@GDC shows better conductivity comparable to that of NBCCF-GDC in air at all test
temperatures, as shown in Fig. 2(e). This phenomenon is likely due to the presence of
interconnected networks of electronic conductance in NBCCF@GDC arising from the uniform
distribution of NBCCF. In addition, NBCCF@GDC shows a lower TEC (17.6*10-6 K-1) than
NBCCF-GDC (21.3*10-6 K-1) as shown in Fig. 2(f), making it more compatible with GDC buffer
layer

[34]

. The reduced TEC value may originate from the suppressed chemical expansion of Co

ions, since the high TEC of Co-based perovskite is mainly due to the transition of the spin state of
Co ions and the reduction of the valence state of Co ions [35, 36].
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Fig. 2 XRD patterns of NBCCF, GDC and NBCCF@GDC (a and b); TG curves in air (c); BET
curves (d); TEC curves (e) and electrical conductivities (f) of NBCCF@GDC and NBCCF-GDC.
3.2. Morphology
Fig. 3(a) displays the cross-sectional morphology of the single cell, including porous Ni-YSZ
supporting layer and fuel electrode, dense electrolyte YSZ with GDC buffer layer, and porous
NBCCF@GDC oxygen electrode. Detailed morphology of the NBCCF@GDC oxygen electrode
is shown in the inserted of Fig. 3(a). The NBCCF@GDC oxygen electrode is uniform with high
porosity, which is beneficial to the adsorption and dissociation of oxygen. Fig. 3(b) shows the
HRTEM results of the sample. The lattice spacing of 2.15 Å in position 1 is indexed as the (103)
plane of the double perovskite structure, as confirmed by PDF #70-4074. Another lattice fringe
spacing of 2.65 Å in position 3 is the (220) plane of the fluorite structure (PDF #75-0161). Position
2 has both overlapped phases which can be confirmed by FFT as shown in Fig. 3(b) insert. The
morphology of the NBCCF@GDC composite powders is displayed in Fig. 3(c). It can be seen that
the NBCCF@GDC composite powders agglomerate by many nanoparticles. However, it difficult
to separate GDC and NBCCF in the composite, since both GDC and NBCCF grains are nanoscale
and distribute homogeneously, which should provide more TPB for the electrode reaction. In
addition, the homogeneous distribution for Nd, Ba, Ca, Co, Fe, Gd, Ce and O elements further
confirms that NBCCF and GDC are uniformly distributed in the composite, as shown in Fig. 3(c).
There is no aggregation of cations in the two phases during the preparation using one-pot method.
In addition, the chemical composition of the synthesized composite is close to the theoretical
stoichiometric ratio (Fig. S1, see supporting information).
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Fig. 3 The cross-sectional microstructure for fuel cell with the NBCCF@GDC oxygen electrode
(a); The phase composition of NBCCF@GDC composite powders with FFT(b); The morphology
of the NBCCF@GDC composite powders corresponding EDS mapping (c).

3.3. Electrochemical performance in SOFC mode
In this section we discuss a thorough characterization of the electrochemical performance of
the electrodes when incorporated in full cells. First is a discussion of the electrochemical
performance in fuel cell and electrolysis modes, followed by the reversibility and stability of the
cells under continued operation. An important factor in the stability and performance of oxygen
electrodes is their polarization resistance (Rp). Low Rp is desired since it means better ORR and
OER performance. Fig. 4 summaries the Rp of the two electrodes and their electrochemical
performance when incorporated in a full cell. From Fig. 4(a) and Fig. S2 it can be seen that
NBCCF@GDC presents significantly lower Rp than NBCCF-GDC at all of the tested temperatures.
This enhancement can also be demonstrated through full cell performance measurements. In
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SOFC mode, the open circuit voltages of both cells are high (Fig. 4(b) and Fig. S3(a)), indicating
that the YSZ electrolyte is fully densified and the cell is well sealed. The peak power density (~ 1.3
W cm-2) of the NBCCF@GDC cell is 40 % higher than that of the cell with the NBCCF-GDC
oxygen electrode (~ 0.94 W cm-2) at 800 °C. The electrochemical performance of the cells with
NBCCF@GDC oxygen electrode in SOFC mode at different temperatures is displayed in Fig. S3.
Nyquist plots of two cells at 800 °C are presented in Fig. 4(c). The Rp is generally represented by
the range between the intersections of the high and low frequencies in the Nyquist plots. At the
benchmark of 800 °C, NBCCF@GDC shows a Rp of 0.10 Ω cm2 compared to 0.14 Ω cm2 for
NBCCF-GDC, showing a similar trend to that observed in Fig. 4(a). Importantly, both of these
values are lower than comparable systems, as summarized in Table S1. The DRT spectra with four
peaks are identified in the frequency range as shown in Fig. 4(d). Each peak corresponds to an
electrode process, including the ion transport and the electron transfer (P1), the gas diffusion (P3)
of the hydrogen electrode, the oxygen surface exchange (P2) and the gas diffusion (P4) of the
oxygen electrode from high frequency to low frequency [37]. The P2 peak of NBCCF@GDC cell is
significantly lower than that of NBCCF-GDC, indicating that it has good surface oxygen exchange
performance and ORR activity.
3.4. Electrochemical performance in SOEC mode
The OER performance of the cell with NBCCF@GDC in SOEC mode is characterized by
electrolysis of H2O. Fig. 4(e) presents the I-V curves of two cells at 800 °C with 70 vol% AH. The
current density of NBCCF@GDC cell is about 1.45 A cm-2 at 1.3 V, about 30% higher than that of
NBCCF-GDC cell (1.11 A cm-2) at 800 °C. The EIS of two cells under SOEC mode at 800 °C are
presented in Fig. 4(f). Polarization resistance of the cell with NBCCF@GDC is significantly
smaller than that of the cell with NBCCF-GDC (0.068 Ω·cm2 vs 0.087 Ω·cm2) at 800 °C. And it is
also lower than the other reported results in Table S1. The I-V curves and EIS of the NBCCF@GDC
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cell in SOEC mode at various humidities and temperatures are presented in Fig. S3. Moreover, the
hydrogen production rate of NBCCF@GDC cell is up to 1744.73 mL cm-2·h-1 at 2.0 V at 850 °C
with 70 %AH (Fig. S4). It is worth noticing that there exists a smooth transition around OCV in
the IV curve, suggesting favorable reversibility of SOCs with NBCCF@GDC.

Fig. 4 The polarization resistance (Rp) of two electrodes in air at different temperature (a); the
current density-voltage-power density curves (b); Nyquist plots (c) and DRT spectra (d) of two
cells under SOFC mode at 800 °C; the current density-voltage curves (e); Nyquist plots (f) of two
cells for H2O electrolysis at 800 °C with 70 %AH.
3.5. Reliability of SSOCs
To investigate the electrochemical performance of SOCs in both fuel- and electrolysis cell
modes at operating conditions, Nyquist plots of SOCs in polarization current density were
measured. Fig. 5(a) shows the EIS of SOCs with different oxygen electrode in SOFC mode (-0.4
A cm-2). The value of Rp of NBCCF@GDC cell is only 0.084 Ω·cm2 at 800 °C, which is relatively
lower than that of NBCCF-GDC cell (0.097 Ω·cm2). This is because the oxygen surface exchange
of NBCCF@GDC is better than NBCCF-GDC, as shown in Fig. S5(b). In SOEC mode, Rp of
NBCCF@GDC cell (0.098 Ω·cm2) is also lower than NBCCF-GDC cell (0.146 Ω·cm2) at 800 °C
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as shown in Fig. 5(b), indicating that NBCCF@GDC has the higher OER performance. It can be
further demonstrated by DRT results in Fig. S5(d). The EIS of NBCCF@GDC cell operated in
various conditions of 0.2, 0.4 and 0.6 A cm-2 in electrolysis cell mode are shown in Fig. 5(c). Except
for the current density, no noticeable resistance fluctuation can be found, which proves the
remarkable stability of the cell. Besides, the NBCCF@GDC cell shows a significant enhanced
H2O-CO2 co-electrolysis performance compared to the NBCCF-GDC cell as shown in Fig. 5(d),
with current density increasing from 0.58 to 1.19 A cm-2 at 1.4 V. The corresponding EIS of two
cells are measured under OCV and operating conditions (1.4 V), as shown in Fig. 5(e, f).
Polarization resistance decreases from 0.213 to 0.169 Ω·cm2 at OCV or 0.366 to 0.195 Ω·cm2 at
1.4 V. The detail co-electrolysis performance of NBCCF@GDC cell with different feed gas
compositions is also investigated as shown in Fig. S6.

Fig. 5 EIS of two cells in working condition SOFC mode (a) and SOEC mode (b) at 800 °C; EIS
of NBCCF@GDC cell at different current densities in SOEC mode (c); I-V curves of two cells
for H2O-CO2 co-electrolysis (d); EIS of NBCCF@GDC cell at OCV (e) and 1.4 V (f) for H2OCO2 co-electrolysis at 800 °C.
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The consistently low Rp and high current densities observed in these NBCCF@GDC cells
therefore demonstrate excellent OER performance of this oxygen electrode, favorably comparable
with other composite perovskite oxide systems. However, another key metric is the reversibility
and stability of the electrodes under continued operation. To investigate this, Nyquist plots of
NBCCF@GDC cell in SOFC and SOEC modes were measured, as shown in Fig. 6(a). Rp is 0.068
Ω·cm2, 0.098 Ω·cm2 and 0.088 Ω·cm2 under OCV, SOEC (0.4 A cm-2) and SOFC modes (-0.4 A
cm-2), respectively. Rp in SOEC mode is slightly inferior to that in SOFC mode, which is consistent
with results reported in previous literature [38, 39]. From Fig. 6(b), the lower peak intensity of P2 and
P4 in SOFC mode compared with SOEC mode indicates better performance in SOFC mode.
Overall, the NBCCF@GDC cell shows near-perfect reversibility, which coincides with the
extremely smooth transition between SOFC and SOEC mode of the I-V curve. In addition, it
exhibits good reversibility and stability with the short time interval as shown in Fig. S7(a). During
the long-term intervals, the cell also shows no obvious attenuation during the reversible operation
for up to 120 h as shown in Fig. 6(d). Even if the cell is continuously operated for 24 h in SOFC
and SOEC mode, it still performs stably without obvious performance degradation (Fig. 6(c)).
Moreover, the NBCCF@GDC cell also shows good stability for H2O-CO2 co-electrolysis (Fig.
S7(b)). In addition to the performance stability, the microstructure of NBCCF@GDC cell is also
relatively stable: no delamination or elemental diffusion was observed after the test (Fig. S8) and
the crystal structure of the NBCCF@GDC oxygen electrode after test remains stable (Fig. S9).
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Fig. 6 EIS (a) and DRT curves(b) of the NBCCF@GDC cell measured at 800 °C with 70 vol%
AH under OCV, SOFC and SOEC mode; 24 h test in independent SOFC or SOEC mode (c) and
120 h reversible operation at 800 ºC (d).
4. The enhancement mechanism
Considering the excellent electrochemical performance and stability of NBCCF@GDC, we
investigate the origin of the improved performance induced by this novel one-pot method in detail.
The potential coherency between NBCCF and GDC phases in the NBCCF@GDC composite at
elevated temperature was examined by high-temperature XRD analysis as shown in Fig. 7(a, b).
There exist separate two phases at room temperature (NBCCF, GDC). However, the two separated
peaks at around 15º merge together as the temperature increases, indicating a phase contiguity and
interfacial coherence between NBCCF and GDC at working temperature [40, 41]. In addition, when
15

the temperature decreases back to room temperature (Fig. S10), the peak is again divided into two
peaks representing two phases. However, there is no such phenomenon in NBCCF-GDC (Fig. S11).
Moreover, the unit cell parameters of GDC and NBCCF in NBCCF@GDC are larger than those of
NBCCF-GDC under corresponding conditions (Fig. S12), which indicates a strong interaction
between NBCCF and GDC in NBCCF@GDC. Additional evidence of this can be seen from the
HAADF-STEM results in Fig. 7(c). GDC has a well-ordered crystalline structure with the lattice
spacing of 0.304 nm assigned to (111) plane, while a well-defined lattice spacing 0.769 nm is from
the (001) plane of the double perovskite-type NBCCF. It is worth noting that there exist the grain
boundary planes of NBCCF and GDC, which are relatively tight (as shown by the arrow). Moreover,
fine particles are tightly assembled together which result in a high specific surface area and good
electrocatalytic activity site (Fig. S13(a)) which likely facilitates charge transfer (e– and O2–)
between the two components. In addition, the corresponding SAED patterns also demonstrates the
co-existence of the two phases (Fig. S13(b)). EDS elemental mappings of Nd, Ba, Ca, Co, Fe, Ce,
O are obviously overlapped, which suggests the formation of homogeneous and well-knit
NBCCF@GDC. However, for NBCCF-GDC, Ce is shown to be absent by EDS mapping,
suggesting that directly mixing NBCCF and GDC does not form a so coherently (Fig. S14).
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Fig. 7 High-temperature XRD patterns for NBCCF@GDC (a, b); HAADF-STEM of
NBCCF@GDC (c) and the corresponding elemental mapping of NBCCF@GDC (d).
To further investigate the interface properties of NBCCF@GDC and NBCCF-GDC, EELS is
examined which is in theory capable of measuring atomic composition, chemical bonding, valence
and conduction band electronic properties, surface properties and element-specific pair distance
distribution functions [21, 42, 43]. There is no Ce signal for NBCCF-GDC indicating that the NBCCF
dimensions scale (Fig. 8(a)). The fine structure of Co L2,3- edge is very effectual to determine the
Co oxidation state on account and GDC phases are discretely separated at their particle of the
transition from 2p3/2 and 2p1/2 electrons to 3d orbitals

[8]

. Despite the overlapping between Ba

M4,5-edges and Co L2,3-edges, compared to NBCCF-GDC (Fig. 8(b)), an obvious peak change can
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still be observed for NBBCF@GDC, which indicates the change of Co valence state. The energy
difference (ΔEL2–L3= EL2–EL3) of NBCCF-GDC is 15.4 eV while 15.3 eV can be achieved for
NBCCF@GDC. The small decrease of this value, in addition to the slight increase in energy
(chemical shift) of the Co L2,3 edges compared to NBCCF-GDC, suggests an increased valence of
Co in NBCCF@GDC [44, 45], consistent with the results of FTIR in Fig. S15 and XPS in Fig 8(d),
thus providing further evidence of the existence of coherence effect.
In order to obtain more insight into the coherence effect, we further analyzed the O K-edges
of two samples. The coordination subtly influences the O K-edge fine structure, thus information
about electronic excitations from O 1s to O 2p band can be provided for NBCCF@GDC. The
feature of O K-edges is attributed to four main peaks. Specifically, peak A results from
hybridization with Co 3d and Fe 3d, while peak B is hybridized with Nd 5d, Ca 3d and Ba 3d, and
peaks C and D are thought to be contributed by Co 4sp and Fe 4sp as well as scattering resonance
of adjacent atoms

[46]

. With increasing Co valence state, higher intensity peak A forms together

with the increasing energy difference between peak A and peak B, as shown in Fig. 8(c). All these
findings indicate an increase of Co valence in NBCCF@GDC, which can be further confirmed by
XPS in Fig. 8(d, e). The Co 3p profile reveals an increasing Co valence of NBCCF@GDC
(Co4+/Co3+=3.76) compared with NBCCF-GDC (Co4+/Co3+=2.84). Furthermore, the increasing
Oad/Olat ratio indicates that the oxygen activity of NBCCF@GDC is enhanced with more oxygencontaining adsorbates that are beneficial to electrocatalytic activity [47, 48].
These results show that the NBCCF and GDC phases are discretely separated at their particle
dimensions scale by the traditional physical mixing method. However, when NBCCF and GDC are
synthesized by the one pot method, the NBCCF and GDC phases are tightly assembled together
with homogeneous elemental distribution, resulting in high specific surface area (Fig. 2(d)) which
likely facilitates charge transfer (e– and O2–) between the two components. In addition, the length
18

of TPB will increase and result in more reactivity sites. It is worth noting that the phase contiguity
and interfacial coherence between NBCCF and GDC will increase the Co oxidation state and the
amount of oxygen-containing adsorbates, resulting in the overlap between the occupied O 2p
valence bands and the unoccupied TM 3d conduction bands [49, 50]. This lowers the Fermi level into
the O 2p band which has been correlated with both increased conductivity (Fig. 2(e)) and
electrocatalytic activity for perovskites (Fig. 8(f)) [51-53].

Fig. 8 (a) STEM-EELS profiles of NBCCF@GDC and NBCCF-GDC (a), and Co L2,3-edges (b)
and O K-edges (c) of two samples; XPS Co3p profile (d) and O1s profile (e) of NBCCF@GDC
and NBCCF-GDC; relationship between O2p band center and Co–O bond covalency (f).

5. Conclusion
In this work, NdBa0.5Ca0.5Co1.5Fe0.5O5+δ@Gd0.1Ce0.9O2-δ composite has been synthesized by
a novel one-pot method, and applied as a promising oxygen electrode for reversible solid oxide
cells. Such a composite electrode prepared by this method has a high specific surface area and
significantly improved ORR, OER performance than the traditional physical mixing route. The
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maximum power density of 1.3 W cm-2 and polarization resistance of 0.106 Ω cm2 at 800 °C can
be achieved in fuel cell mode. While in electrolysis mode, the current density can reach 1.452 A
cm-2 at 800 °C with 70 vol% AH at 1.3 V. Notably, strong coherency in these NBCCF@GDC
composite materials was successfully revealed by HT-XRD, XPS, STEM and EELS. The phase
contiguity and interfacial coherence between NBCCF and GDC increase the Co oxidation state and
the number of active sites, which enhanced the electrocatalytic activity for perovskites. Overall, it
provides a general strategy for the functionalization electrode of reversible solid oxide cells.
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