
Journal of Alloys and Compounds 967 (2023) 171766

Available online 15 August 2023
0925-8388/© 2023 Elsevier B.V. All rights reserved.

Two-dimensional gadolinium-doped ceria nanosheets for low temperature 
sintering of solid oxide fuel cells barrier layer 

Leticia P.R. Moraes a, Marina Machado a, Lays N. Rodrigues a, Ziqi Sun b, Debora Marani c, Fabio 
C. Fonseca a,* 

a Nuclear and Energy Research Institute, IPEN-CNEN, São Paulo, Brazil 
b Queensland University of Technology, Brisbane, Australia 
c Addifab ApS, Mårkærvej 2, 2630 Taastrup, Denmark   

A R T I C L E  I N F O   

Keywords: 
Gadolinium-doped ceria 
2D doped-ceria 
Coprecipitation synthesis 
Barrier layer 
SOFC 

A B S T R A C T   

A novel method for bottom-up synthesis of two-dimensional (2D) gadolinium-doped cerium oxide (CGO) 
nanosheets is developed and demonstrated as an efficient precursor for interdiffusion barrier layer deposition in 
solid oxide fuel cells. The CGO is the standard material used as an interlayer in intermediate-temperature solid 
oxide fuel cells to avoid undesirable reactions between lanthanum strontium cobalt ferrite (LSCF) cathode and 
yttria-stabilized zirconia (YSZ) electrolyte materials. Herein, the shape-control of the 2D CGO by a low-cost wet- 
chemical method allowing for the fabrication of fully dense barrier layer of CGO is reported. The high surface 
coverage promoted by the 2D CGO nanosheets resulted in a thin (~ 1 µm) and dense interdiffusion barrier layer 
sintered at 1150 ◦C preventing the undesirable reaction between oxide ion conducting phases occurring at higher 
temperatures. The electrochemical properties of solid oxide fuel cells confirmed the CGO nanosheet as an effi
cient layer for preventing the formation of resistive phases at the electrolyte/cathode interface.   

1. Introduction 

Solid oxide fuel cells (SOFCs) have great potential in providing clean 
energy with high electrical efficiency. However, to become more 
economically attractive, considerable efforts are being made in order to 
minimize their degradation, reduce their cost, and improve their per
formance [1–3]. An important strategy to minimize the cost of SOFC and 
increase the durability is to lower both processing and operation tem
peratures [4–6]. Decreasing the sintering temperature of the materials 
and reducing the SOFC operating temperatures to intermediate tem
peratures (IT-SOFC) are current challenges for the cell’s scalable pro
duction. However, at intermediate temperatures (500 – 750 ◦C) the 
electrochemical reactions and charge transport are less efficient [7–10]. 

To enable lower operating temperatures, it is necessary to decrease 
the electrolyte’s resistance and increase the catalytic activity of the 
electrodes. Studies have been made regarding the reduction of electro
lyte thickness, the substitution of yttria-stabilized zirconia (YSZ) elec
trolyte to other ionic conductors such as gadolinium-doped ceria (CGO) 
[8,11], and the replacement of the LSM (strontium-doped lanthanum 
manganite) cathode by a more active material such as LSCF (lanthanum 

strontium cobalt iron oxide) [12,13]. However, there are still problems 
associated with these materials. The CGO exhibits mixed ionic and 
electronic properties at high temperatures and cation interdiffusion 
between the LSCF and the YSZ can occur during sintering and cell 
operation, resulting in the formation of resistive phases such as La2Zr2O7 
and SrZrO3 [14]. 

An alternative SOFC configuration that allows the use of the state-of- 
the-art YSZ electrolyte together with the highly active LSCF cathode is 
the introduction of a diffusion barrier layer between the YSZ electrolyte 
and the cathode. The role of this layer is to avoid the migration of cations 
at the interface between the electrolyte and cathode [15,16]. The ma
terial of choice is CGO, a good ion conductor and compatible with the 
other materials in the cell. However, from 1000 ◦C, Zr diffuses into the 
CGO layer, and, at temperatures higher than 1200 ◦C, Ce diffuses into 
the YSZ electrolyte [17]. These two interdiffusion processes result in 
more resistive phases and cause severe degradation of SOFC perfor
mance. Therefore, to produce a thin, dense, and continuous layer of CGO 
over the YSZ electrolyte, without causing undesired reactions, the sin
tering temperature of the components must be as low as possible. In 
order to achieve these requirements, an interesting approach is to tailor 
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the surface morphology of the CGO layer. 
Two-dimensional (2D) nanomaterials (nanosheets, nanobelts, 

nanoflakes) exhibit a high specific surface area, a low level of porosity 
and can provide good coverage of surfaces even if made as an ultra-thin 
film. Moreover, the functional properties of the 2D CGO enable the 
production of an effective barrier that can be sintered at a lower tem
perature with the other components of the multilayered cell without 
producing additional undesired phases. Many strategies have been 
proposed for the synthesis of 2D nanomaterials including hydrothermal, 
electrochemical deposition, pulsed laser deposition, and aqueous exfo
liation [18–20]. In this study, we developed a low-temperature and 
easily scalable coprecipitation synthesis of CGO with a sheet-like 
structure, configuring a pioneering one-pot process for CGO nano
sheets fabrication. The synthesized material and the deposition method 
were evaluated as a dense and thin (~ 1 µm) CGO effective barrier layer 
between YSZ and LSCF in a solid oxide fuel cell. 

2. Experimental 

2.1. Synthesis 

Gadolinium-doped (10 mol%) cerium oxide nanosheets (CGONS) 
were prepared by a coprecipitation method with sodium hydroxide 
(NaOH). An aqueous solution of cerium nitrate Ce(NO3)⋅6 H2O (99 %, 
Sigma-Aldrich) and gadolinium nitrate Gd(NO3)⋅6 H2O (99 %, Sigma- 
Aldrich) was prepared by dissolving the salts in deionized water to 
make a total cationic concentration of 0.03 M, considering the 
Ce0.9Gd0.1O1.95 composition. Hexamethylenetetramine (HMTA, 99 %, 
Sigma-Aldrich, 2 M) was used as the nucleating agent, using 1:2 molar 
ratio (metal salt: HMTA). To prepare the solution, 20 mL of the HMTA 
solution was slowly added into 400 mL cerium-gadolinium nitrate so
lution, under stirring. The solution was kept at 10 ◦C for 4 days in a 
closed dedicated refrigerator, with coupled thermostat, under static 
conditions. After the low temperature treatment, the solution was mixed 
with 40 mL of ethylene glycol under magnetic stirring for 20 min at 
room temperature. Then, 80 mL of 0.6 M NaOH was slowly added (for 
30 min) under vigorous stirring. As the NaOH is added, the clear solution 
turns into a translucent brown suspension. The suspension was aged in 
an oven at 90 ◦C for 24 h. The purple precipitate formed was washed/ 
centrifuged with deionized water five times and dried at 80 ◦C over
night. The material was deagglomerated in an agate mortar and calcined 
at 500 ◦C for 1 h, using a heating rate of 2 ◦C•min− 1. 

2.2. Electrochemical cells fabrication 

Symmetrical cells and electrolyte-supported cells with CGONS were 
fabricated. First, to produce the CGONS ink, 20 mg of the ceramic 
powder were solubilized in 160 mL of a water-ethanol mixture (2:1 vol.), 
under ultrasonic bath for 30 min, keeping the bath temperature lower 
than 40 ◦C. When a translucent suspension was obtained, 10 g of poly
vinylpyrrolidone (PVP) were added under sonication to increase the 
viscosity of the ink, resulting in a colloidal suspension of CGONS that 
was used to deposit the barrier layer. To ensure that the nanosheets were 
well dispersed in the suspension, the ink was sonicated for 5 min before 
its use. 

To fabricate the LSCF|CGONS|YSZ symmetric cells, the CGONS ink 
was deposited on YSZ substrates via the spin-coating technique (spin 
coater, Laurel, model WS-400-6NPP-LITE) at a rotation rate of 2500 rpm 
for 10 s, followed by drying at 100 ◦C for 30 min. This process was 
repeated five times. Furthermore, to evaluate the effectiveness of the 
CGONS as a barrier layer, a LSCF commercial ink (Fuel Cell Materials) 
was applied by the spin coater at a rotation of 3000 rpm for 10 s. The 
samples were then calcined in air at 500 ◦C for 1 h and sintered at 
1150 ◦C for 1 h. Ageing of the cells with a LSCF layer was carried out ex- 
situ in a resistive box-type oven, at 900 ◦C for 90 h. Reference samples 
produced with commercial CGO (PRAXAIR) were produced in the same 

conditions (by solubilization of the commercial powder in water-ethanol 
and adjusting the viscosity with PVP). 

Electrolyte supported solid oxide fuel cells were prepared using YSZ 
pellets. To produce the pellets, the YSZ powder (Tosoh) was transferred 
into a circular mold (25 mm) and a uniaxial compression of 60 MPa was 
applied for 60 s. The pellets were then sintered at 1500 ◦C for 5 h. The 
final diameter and thickness of the pellets were 18 mm and 400 µm, 
respectively. A slurry of NiO/YSZ was deposited on one side of the 
electrolyte by spin coating, as described elsewhere [21,22]. The CGONS 
(or CGO commercial as the reference) and LSCF ink were deposited at 
the other side of the electrolyte as previously mentioned. The fuel cell 
was sintered at 1150 ◦C for 1 h. 

2.3. Characterization 

The morphology of the as-prepared materials was analyzed by 
scanning electron microscopy (SEM; Tescan MIRA3 microscopy) oper
ating at an accelerating voltage of 3 kV. X-rays diffraction (XRD) pat
terns were collected in a Rigaku MiniFlex (Rigaku Corporation, U.S.A.) 
diffractometer in the 2θ◦ range of 20–80 ◦. Thermogravimetric analyses 
(TGA) were carried out in a Setaram LabSys equipment using a heating 
rate of 10 ◦Cmin− 1 in the 25–1200 ◦C temperature range under synthetic 
air flow. Cylindrical pellets were prepared using the calcined powders 
(500 ◦C for 1 h) by uniaxial pressing for dilatometry analysis (Setaram 
Labsys), carried out between room temperature and 1400 ◦C, with a 
heating rate of 10 ◦C⋅min− 1 under synthetic air flow of 50 mL⋅min− 1. 

The electrical properties of the symmetrical cells were evaluated by 
electrochemical impedance spectroscopy (EIS). Gold paste was applied 
to the parallel surfaces of the symmetrical cells and cured at 800 ◦C for 1 
h. The symmetrical cells with the following configurations were ob
tained: Au|LSCF|YSZ and Au|LSCF|CGONS|YSZ. The samples were 
inserted into a chamber with alumina capillaries and platinum wires for 
electrical contact, then placed in a vertical resistive oven, with a 
controlled atmosphere. Measurements were performed by a Solartron SI 
1260 frequency analyzer, in a frequency range of 10 MHz to 1 Hz at an 
ac amplitude of 100 mV. Data acquisition and processing were per
formed using the ZPlot/ZView program. 

The electrochemical properties of the electrolyte-supported cells 
with CGONS or commercial CGO layer were tested in an open flange test 
set-up from Fiaxell SOFC Technologies™. The current collection was 
carried out by gold wires connected to a gold mesh (diameter 37 mm) in 
the air side and by a nickel mesh on the fuel side. The electrochemical 
measurements were carried out at 800 ◦C under H2 and synthetic air, 
both with a flow rate of 12 L⋅h− 1, by using a PARSTAT® 3000A-DX 
electrochemical workstation. The EIS data were measured at open cir
cuit voltage (OCV) in the 1 MHz - 1 Hz frequency range with an ac 
amplitude of 10 mV. Current-voltage curves were measured from OCV to 
0.4 V at a rate of 10 mV⋅s− 1. 

3. Results and discussions 

3.1. Synthesis and characterization of the CGONS 

Fig. 1 shows images of both the precursor solution and the obtained 
CGO nanosheets (CGONS). Fig. 1a shows images of the cerium and 
gadolinium nitrates solution with HMTA, after the low temperature 
(10 ◦C) treatment, taken at different times during the 24 h of the 
coprecipitation step. The slow hydrolysis of the HMTA at 10 ◦C was able 
to promote a gradual increase of the pH of the solution, allowing a better 
control of the reaction products. NaOH was then slowly added, under 
vigorous stirring, to the precursor solution to promote the coprecipita
tion of the CGO nanosheets (CGONS). As the pH of the medium increases 
from 6.9 to 12.4, the solution becomes cloudy, from transparent to 
translucent brown, and at the end of the NaOH addition, the suspension 
is opaque. After ageing at 90 ◦C for 24 h, the precipitate formed has 
purple color, which can be attributed to the formation of intermediate 
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species, such as cerium hydroxides. It is noted that the Ce3+ is less stable 
in air or alkaline conditions than Ce4+; therefore, the observed color 
may also indicate the formation of the intermediate Ce(OH)3 [23]. 
However, after washing and drying the powder at 80 ◦C overnight, the 
sample turns pale yellow, suggesting that the intermediates have been 
converted to cerium oxide. Upon calcining at 500 ◦C, a dark yellow 
powder is obtained. Scanning electron microscopy (SEM) images of the 
CGONS at different stages of synthesis are shown in the Supplementary 
Information Fig. S1. The images collected at different stages indicate 
that the morphology does not change considerably during the process, 
showing a good stability of the 2D shape. 

Figs. 1b and 1c show the scanning electron microscopy (SEM) images 
at different magnifications of the as-produced CGONS. The SEM images 
evidenced an interconnected net of nearly translucid nanoparticles with 
sheet-like morphology. Transmission electron microscopy (TEM) and 
high-resolution TEM (HRTEM) were used to analyze the morphology of 
the CGONS after calcining at 500 ◦C, as shown in Figs. 1d and 1e. The 2D 
morphology of the CGO was confirmed, indicating that the particle 

shape is essentially preserved after calcining. Fig. 1e shows that the 
nanosheets preferentially expose the CGO (111) crystal plane, corre
sponding to the 0.31 nm distance measured between the interference 
fringes. 

Thermogravimetric analysis (TGA) was carried out to investigate the 
thermal decomposition process of the as-prepared sample. Fig. 2a shows 
that mass loss develops at temperatures < 500 ◦C. The DTG curve shows 
three main degradation processes at 70, 150 and 230 ◦C. The total mass 
loss of the sample at 1200 ◦C is 13 % and refers mainly to absorbed 
water evaporation. The TGA data confirm that the sample can be 
calcined at relatively low temperature (~500 ◦C). 

Fig. 2b shows the XRD patterns of both the as-prepared and the 
calcined (500 ◦C) samples. The XRD of the as-prepared material reveals 
that the sample is crystalline with broad peaks indexed as the cubic CGO 
phase. All diffraction patterns confirm the formation of the fluorite CGO 
with diffraction peaks corresponding to planes (111), (200), (220), 
(311), (222), (400), and (331). For the as-prepared sample, peaks cor
responding to Ce(OH)3 were observed, indicating the hydroxide as an 

Fig. 1. Images of the CGO solution during coprecipation synthesis using NaOH and obtained CGO powders (a). SEM images of the as-prepared CGONS (b and c), TEM 
(d), and HRTEM (e) images of the calcined CGONS. 
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intermediate phase during the reaction. Due to the color changes of the 
solution observed during the reaction, the formation of Ce(OH)3 was 
expected. Previous studies [24] on the production of CeO2 from cerium 
nitrate and NaOH, using different Ce3+/OH− ratios, observed the for
mation of precipitated Ce(OH)3 as a reaction intermediate, which is 
oxidized to ceria by increasing the temperature during an autoclave 
treatment. Similarly, after calcining at 500 ◦C, no other crystalline im
purities or intermediates, such as Ce(OH)CO3 and Ce(OH)3, were 
detected by XRD, indicating that single phase CGO is obtained. 

3.2. Evaluation of the CGONS as an electrolyte/barrier layer 

Processing of oxides usually requires high temperature sintering to 
achieve targeted mechanical and microstructural properties (grain size, 
porosity, etc.). To determine the sintering temperature of the dried 
powder of CGONS dilatometric runs of uniaxially pressed pellets were 
conducted. Fig. 3 displays the densification and densification rate curves 
of the CGONS calcined powder. The CGONS sample exhibited a low 

green density of 30 % initially, owing to its loosely packed structure. 
However, it achieved 92 % relative density at 1400 ◦C, indicating a 
significant level of densification. This high densification, despite the low 
starting green density, can be attributed to the dominant influence of 
surface diffusion effects on the sintering behavior, surpassing the impact 
of the initial packing density [25]. The onset of linear shrinkage, asso
ciated with densification of the ceramic, is observed at 900 ◦C. The total 
linear retraction develops up to ~ 1200 ◦C when the material reaches a 
densification plateau. A typical densification process can be observed by 
analyzing the densification rate curve, where a progressive single-step 
shrinkage achieves its maximum densification rate at 1100 ◦C. This 
behavior is attributed to a uniform particle size distribution and high 
surface energy of the ceramic powder with good sintering activity. As 
compared to the nanosheets, the commercial CGO powder exhibits a 
lower activation energy sintering processes, starting at 800 ◦C, but a 
lower maximum densification is achieved despite the higher green 
density. The final relative apparent density of 80 % of commercial CGO 
is attributed to the refractory behavior of ceria-based oxides [25]. 

Taking advantage of both the synthesis method and properties of 
nanosheets, a colloidal ink was developed to expand the use of such 
material as a functional layer. The calcined CGONS powder, water, and 
ethanol as solvents, and PVP as the polymeric binder were combined to 
optimize the rheological properties to obtain a stable suspension with no 
apparent sedimentation of the ink. SEM images of the ink are shown in 
Fig. S2 of the Supplementary Information. The amount of PVP added is 
crucial to adjust the viscosity resulting in homogeneous coating and to 
avoid pores and cracks during the drying process. The PVP concentra
tion was kept as low as possible, and the spin coating process was 
repeated to reach the desired final thickness, with drying steps between 
each deposition. Fig. 4a shows images of the ink, where the Tyndall 
effect can be observed by irradiating the ink with a laser beam, con
firming the colloidal nature of the solution. The thermogravimetric 
analysis of the ink determined the decomposition temperature of the 
organic compounds to occur in successive steps from room temperature 
up to 400 ◦C. Fig. 4c presents the X-ray diffraction pattern of the CGONS 
ink, with all the characteristic peaks of the fluorite CGO structure. After 
deposition and drying, the deposited layer over the YSZ substrate ex
hibits the CGO peaks, indicating the successful deposition of a thin CGO 
layer. By using the spin coating technique, a homogeneous layer of 
nanosheets is applied with a higher packing density than in the uni
axially pressed powder used in the dilatometry run. The CGO nanosheets 
tend to orient themselves in the same direction, resulting in a uniform 
film over the YSZ surface, as evidenced by the Supplementary Fig. S3. In 
the EDS mapping (Fig. 4d) of the sample calcined at 500 ◦C, the 

Fig. 2. Thermogravimetric analysis of the as-prepared CGONS (left panel). X-ray diffraction patterns of the as-prepared and the calcined CGONS (right panel).  

Fig. 3. Densification curve (a) and densification rate curve (b) of CGONS and 
commercial CGO pellets. 
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composition of the layer is confirmed. A continuous layer of ceria 
deposited on the YSZ substrate indicates that the spin coating process 
and the sintering were efficient to produce a CGO layer with the desired 
properties. 

The initial results evidenced a uniform and continuous layer of CGO 
over the YSZ substrate obtained at sintering temperatures below 
1200 ◦C. Such a low sintering temperature resulting in a dense CGO 
layer is a benchmark usually attained by physical deposition methods to 
avoid the formation of resistive phases between the SOFC components 
[26–30]. Thus, the CGONS were further analyzed in SOFC as an inter
diffusion barrier layer between the LSCF cathode and the YSZ 
electrolyte. 

To simulate the cathode/electrolyte interface, and the degradation 
caused during the SOFC processing and operation, the CGONS barrier 
layer was deposited between a YSZ substrate and LSCF electrode in 
symmetrical cells. The LSCF|CGONS|YSZ|CGONS|LSCF assembly was 
sintered at 1150 ◦C for 1 h. A control sample without the barrier layer 
(LSCF|YSZ|LSCF) was prepared under the same conditions for compar
ison. Both symmetrical cell samples, with and without the CGONS layer, 
were heat treated at 900 ◦C for 90 h to intentionally induce a fast 
degradation by the LSCF and YSZ reaction. The electrochemical prop
erties of the symmetrical cells, both fresh sintered and thermally 
degraded, were studied by EIS. Fig. 5 shows the EIS diagrams of the 
symmetric cells measured at 790 ◦C with and without the CGONS bar
rier layer as-sintered (t = 0 h) and after ageing (900 ◦C for 90 h) in air. 

The experimental EIS data of the symmetric cells of Fig. 5 were fitted 
with the equivalent circuit LRΩ(RP1CPEP1)(RP2CPEP2), where L is the 
inductive contribution due to the measurement system, RΩ (ohmic 
resistance) is the series resistance attributed to the contributions of 
electrical conductivity (current collector electronics and ionic electro
lyte YSZ), while RPiCPEPi refers to the polarization impedance of the 
cathode. Table 1 presents the area-specific resistance results obtained by 

EIS fitting. The EIS diagrams revealed that the sample with the CGONS 
barrier layer was considerably less affected by ageing at 900 ◦C. It is 
important to note that the RΩ, determined at the high frequency 

Fig. 4. CGONS ink showing the Tyndall effect (a). Thermogravimetric analysis of the ink (b). X-rays diffraction patterns of the ink and the substrate after the ink 
deposition and calcination (c). Scanning electron microscopy image and corresponding EDS mapping showing the CGO layer deposited on YSZ substrate (d). 

Fig. 5. Impedance diagrams obtained at 790 ◦C for Au|LSCF|YSZ and Au|LSCF| 
CGONS|YSZ symmetric cells before and after ageing at 900 ◦C. The equivalent 
circuit model used for fitting EIS data is depicted in the panel. 

Table 1 
Fitted series resistances (RΩ) and polarization resistances (RP1 and RP2) of 
symmetric cells Au|LSCF|YSZ and Au|LSCF|CGONS|YSZ before (0 h) and after 
(90 h) ageing at 900 ◦C extracted from EIS data.  

Sample - aging RΩ (Ω.cm2) RP1 (Ω.cm2) RP2 (Ω.cm2) 

LSCF|YSZ - 0 h  7.7  7.7  12.5 
LSCF|YSZ - 90 h  12.9  10.1  26.9 
LSCF|CGO|YSZ - 0 h  7.7  3.6  6.7 
LSCF|CGO|YSZ - 90 h  7.7  4.5  11.6  
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intercepet of the diagram with real axis, of the as-sintered symmetric 
cells showed the same value irrespective of the CGONS layer. Such result 
indicates that CGONS represent no additional ohmic resistance to the 
cell, a feature related to the high density of the layer and lack of solid 
solution between YSZ and CGO due to the low sintering temperature. 
The sample with CGONS exhibited the same RΩ before and after the 
thermal ageing, suggesting that the applied barrier layer was effective in 
preventing unwanted reactions at the electrode/electrolyte interface. 
On the other hand, the symmetric cell without the barrier layer showed 
pronounced increase in RΩ, attributed to a degradation of the charge 
transfer process at the electrode/electrolyte interface. Usually, this in
crease in RΩ is related to the formation of insulating phases such as 
SrZrO3 at the interface, mainly due to the diffusion of Sr in the elec
trolyte [28]. In the polarization component related to the electrode’s 
resistance (Rpol) it is observed that the samples with the barrier layer 
show an increase of 25 % after ageing, while the samples without a 
barrier layer displayed a significantly higher polarization increase (~ 45 
%). Two main components are observed in the Rpol of the EIS diagram: 
one at high frequencies (> 103 Hz), and another at low frequencies (<
103 Hz). Previous studies have shown that the component at high fre
quencies is attributed to ionic diffusion at the electrolyte/cathode 
interface, while the low-frequency component is ascribed to the trans
port and reduction of O2 on the surface of the material [31]. In the 
sample with the CGONS layer, the increase in Rpol is observed mainly in 
the low-frequency component. Such a Rpol increase is possibly related to 
a microstructural evolution of the LSCF at 900 ◦C. On the contrary, the 
sample without the barrier layer, the increase in Rpol is observed in both 
components revealing an extensive degradation of the electrochemical 
properties of the electrode, possibly associated with the interdiffusion 
and reaction between LSCF and YSZ [32]. 

Energy dispersive X-rays (EDX) analysis was carried out on the 
electrolyte of the samples after thermal ageing of the cells. Fig. 6 shows 
the EDX spectra and the related SEM images of the symmetric cells. The 
sample without the CGONS barrier layer exhibits a higher intensity of 
the Sr signal compared to the sample with the CGONS barrier layer. The 
quantitative EDX results presented in Table 2 show an approximately 
two-fold higher weight percentage (wt%) of Sr in the LSCF|YSZ cell 
compared to the LSCF|CGONS|YSZ cell. Additionally, the presence of La 
is observed in the LSCF|YSZ electrolyte, further supporting the effec
tiveness of the CGONS in preventing cation interdiffusion. The SEM 
images of the cross section of the symmetric cell confirm that the CGO 
layers inhibits the cation interdiffusion in the interface, as shown by the 

smoother surfaces of the ceramic grains in sample with the CGONS 
(Fig. 6c), as compared to that of YSZ in Fig. 6b. 

The electrochemical properties of the diffusion barrier layer between 
the YSZ electrolyte and the LSCF cathode were evaluated in an YSZ 
electrolyte-supported single cell, with Ni/YSZ anode and LSCF cathode. 
The cathode sintering was conducted after the CGONS deposition at 
1150 ◦C. To compare the performance of the barrier layer produced with 
the CGONS synthesized in the present study, a reference single cell with 
a barrier layer prepared with commercial CGO was prepared following 
the same procedure, keeping the same mass of CGO deposited and sin
tering temperature. Lowering the sintering temperature for the pro
duction of dense layers of CGO is usually done by adding sintering 
additives such as Fe2O3 [33] and CuO [34], or by using more sophisti
cated deposition techniques, such as physical techniques such as PLD 
(pulsed laser deposition) [35,36] and PVD (physical vapor deposition) 
[37,38], which exhibit best reported performances. Using a 2D CGO 
layer prepared by a chemical method is an important innovation to 
obtain dense films of CGO as a barrier layer (or bielectrolyte) for SOFC.  
Fig. 7 shows the SEM images of the cross-sections of the cathode/elec
trolyte interface of single cells produced with a barrier layer of com
mercial CGO and CGONS. 

The SEM micrographs in Fig. 7a show that the sintering temperature 
of 1150 ◦C was insufficient to produce a dense CGO layer from the 
commercial material. The commercial layer produced has high porosity 
and ~ 2 µm final thickness. On the other hand, the CGONS layer, Fig. 7b, 
exhibits high densification in the same sintering condition, and conse
quently lower thickness (~ 1 µm). Both CGO layers are homogeneous, 
without defects, and show good adhesion to the adjacent component 
layers. 

The SOFC polarization curves obtained at 800 ◦C using H2 as fuel are 
shown in Fig. 8a. The cell with CGONS barrier layer presented an open 
circuit potential value OCV = 1.1 V, close to the theoretical value ex
pected by the Nernst potential [39]. The unit cell produced with com
mercial CGO barrier layer had a slightly lower OCV value, OCV = 1 V. 

Fig. 6. (a) Energy dispersive X-ray spectra at the electrolyte at the interface of the LSCF|YSZ and LSCF|CGONS|YSZ half cells after ageing at 900 ◦C, and respective 
SEM images at (b) and (c). 

Table 2 
Composition of the interface determined by energy dispersive X-ray (normalized 
of the elements present at the at YSZ electrolyte close the interface of both the 
LSCF|YSZ and LSCF|CGONS|YSZ symmetric cells after ageing at 900 ◦C.  

Sample Zr wt% Y wt% Sr wt% La wt% 

LSCF/YSZ - 90 h  52.22  11.66  7.75 1.62 
LSCF/CGO/YSZ - 90 h  63.42  12.83  3.53 −
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However, the OCV difference of the samples should not be attributed to 
the barrier layer, but rather to a fabrication effect of the ceramic cells or 
the measuring setup. Both samples exhibit linear polarization curves 

that show the ohmic drop as the main polarization source. Indeed, the 
sample with porous (commercial) CGO barrier layer exhibits a much 
more pronounced polarization due to ohmic resistance than that of the 
CGONS. 

Considering that the electrical resistance of the electrolyte is the 
main contribution of the ohmic drop polarization and that both YSZ 
supports are identical, the main difference is attributed to the barrier 
layer of CGO. The sintering of CGONS resulted in a layer with higher 
density and lower thickness, which contributed to higher electrical 
conductivity of the electrolyte/cathode interface of this sample. Cell 
power outputs are lower than state-of-the-art SOFCs as thick YSZ elec
trolytes (~ 700 µm) are used, but the tested fuel cells aim at investi
gating the properties of the CGO layers rather than achieving optimized 
performance. The maximum power density reached by the fuel cell 
produced with a CGONS barrier layer was 2.5 times higher than that of 
the cell with commercial CGO. Cathode sintering at 1150 ◦C may have 
caused the formation of insulating phases at the YSZ/LSCF interface of 
the fuel cell with commercial CGO. The formation of La2Zr2O7 and 
SrZrO3 is facilitated in porous barrier layers, as this microstructure al
lows the diffusion of species (La and Sr) from the LSCF cathode to the 
YSZ electrolyte [28]. 

The EIS diagrams measured at the OCV (Fig. 8b) were fitted with the 
same equivalent circuit as the symmetric cells, LRΩ(RP1CPEP1) 
(RP2CPEP2). The cell produced with a commercial CGO barrier layer has 
RΩ ~ 3 Ω⋅cm2, a value almost two-fold higher than the RΩ of the cell 
with CGONS, in good agreement with the polarization curve ohmic 
drop. This result is directly related to the larger thickness and lower 
density of the commercial CGO layer, which results in higher ohmic 
contact resistance in this sample. The EIS diagram reveals Rpol compo
nents with at least two discernible contributions on the semicircle arcs, a 
higher frequency contribution (~ 1 kHz) and another occurring at lower 
frequencies (< 100 Hz). The Rpol of the two samples shows important 
differences in the electrode processes of the cells. It is interesting to note 
that this difference is particularly more pronounced in the low- 
frequency portion of the diagram (RP2), which is much more resistive 
in the commercial CGO sample. The RP2 ~ 0.42 Ω⋅cm2 of the cell with 
CGONS is considerably smaller than the RP2 ~ 2.32 Ω⋅cm2 of the 

Fig. 7. SEM images with different magnifications of the cross-sections of single SOFC produced with barrier layer of commercial CGO (a) and CGONS (b), sintered at 
1150 ◦C for 1 h. 

Fig. 8. (a) Polarization curves of single cells produced with barrier layer of 
commercial CGO and CGONS, measured at 800 ◦C, using H2 as fuel and (b) 
impedance diagrams of the cells at OCV. 
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commercial CGO. These characteristics are in perfect agreement with 
data measured for the symmetric cells (Fig. 5) indicating that the CGONS 
layer contributed to more active electrodes with a greater extent of the 
triple-phase boundary (TPB) in which the oxygen reduction reactions 
are facilitated at the CGO/LSCF interface. On the contrary, the thicker 
and porous layer of commercial CGO is not effective to avoid reaction 
between YSZ and LSCF, decreasing the contact of the cathode with the 
electrolyte and hindering the charge transport processes in the TPB. 

The electrochemical properties of the single fuel cells showed that 
the 2D morphology of nanosheets is very efficient for applications that 
require uniform coating and good densification at lower temperatures. 
The experiments carried out showed that the control of precursor 
morphology can be a strategy for the manufacture of devices. Indeed, 
the results of the present study confirm that nanosheets are efficient for 
covering surfaces by homogeneous layers with controllable thickness 
and dense microstructure. 

4. Conclusions 

A facile approach to synthesize crystalline CGO nanosheets, 
approaching a 2D morphology, produced by coprecipitation method 
without any surfactant or template is reported. A low calcining tem
perature allows such material to be redissolved, keeping its morphology, 
in different suspension formulations with great stability and flexibility 
to process with low-cost and scalable deposition techniques. The two- 
dimensional material is shown to have the desired structure to be 
deposited as a thin and dense layer on to solid electrolytes, achieving 
high density at relatively low temperature that avoids either robust 
equipment or sintering additives. The 2D ceria layers were applied as 
diffusion barrier layers in single solid oxide fuel cells supported on the 
YSZ electrolyte and were efficient in preventing the formation of resis
tive phases at the LSCF electrolyte/cathode interface. Thus, the inno
vative method for 2D CGO has a great potential for numerous 
applications such as energy conversion, catalysts and optically or elec
trically active functional materials. 
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