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Abstract: Fuel electrode-supported tubular protonic ceramic cells (FETPCCs) based on the
BaZr0.4Ce0.4Y0.15Zn0.05O3−δ (BZCYZ) membrane electrolyte was fabricated through a two-step method,
in which the polyporous electrode-support tube was prepared with a traditional slip casting technique
in a plaster mold, and the BZCYZ membrane was produced by a dip-coating process on the outside
surface of the electrode-support tube. The dense thin-film electrolyte of BZCYZ with a thickness of
~25 µm was achieved by cofiring the fuel electrode support and electrolyte membrane at 1450 ◦C
for 6 h. The electrochemical performances of the FETPCCs were tested under different solid oxide
cell modes. In protonic ceramic fuel cell (PCFC) mode, the peak power densities of the cell reached
151–191 mW·cm−2 at 550–700 ◦C and exhibited relatively stable performance during continuous
operation over 100 h at 650 ◦C. It was found that the major influence on the performance of tubular
PCFC was the resistance and cathode current collectors. Additionally, in protonic ceramic electrolysis
cell (PCEC) mode, the current densities of 418–654 mA·cm−2 were obtained at 600–700 ◦C with the
applied voltage of 2.0 V when exposed to 20% CO2–80% H2 and 3% H2O/air. Using distribution of
relaxation time analysis, the electrolytic rate-limiting step of the PCEC model was determined as the
adsorption and dissociation of the gas on the electrode surface.

Keywords: tubular solid oxide cell; slip casting; dip coating; protonic ceramic; electrochemical performance

1. Introduction

Solid oxide fuel cells (SOFCs) have garnered considerable attention because they have
high energy conversion efficiency and flexible fuel power generation as well as a pollution-
free system [1–4]. With global warming and rapidly increasing energy demand, the con-
version of CO2 to valuable chemicals and fuels is a constant expectation. To date, CO2
conversion via solid oxide electrolysis cells (SOECs) has shown promising practical applica-
tions due to low overpotential and high Faradaic efficiency facilitated by high-temperature
operation via off-grid solar or wind power. In summary, solid oxide cells (SOCs) can be
converted into SOFC or SOEC modes at different functional requirements [5–7].

Up to now, two types of SOC stack structures, planar and tubular, have been widely
studied. Although planar SOC exhibits high power density in a highly compact config-
uration via simple tape casting, screen-printing, and dry press methods, only a handful
of sealing agents are able to withstand the thermal cycles in operation. Another problem
with this design is that it requires a relatively long startup time to avoid the formation of
cracks in the thin-plane configuration. Compared with this, the tubular configuration is
more reliable without high-temperature sealing, which proves its ability to withstand the
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rapid heat cycle [8,9]. However, it is more difficult to achieve a high power density with
tubular SOC because of its elongated electronic pathways.

Furthermore, depending on the conducting electrolytes, SOCs are classified into
oxygen-ion-conducting and proton-conducting cells. Conventional oxygen-ion conduction
demands a relatively high operating temperature, which results in higher production and
operational costs and lower long term stability, thereby limiting the commercial deployment
of SOFCs [10]. As the activation energy of the proton-conducting electrolyte (0.4–0.6 eV [11])
is lower than oxygen-ion conducting electrolyte (0.83–1.05 eV [12,13]), it exhibits higher
conductivity at low temperatures [14]. These properties have given rise to a great deal
of interest in the application of proton-conducting SOCs at 400~700 ◦C. Among many
proton-conducting electrolyte materials, Y2O3 has unique physical properties and is mainly
used as an additive in optical glass and ceramic materials [15,16]. Y2O3-doped BaZrO3
and BaCeO3 and their solid solutions are widely studied and considered to be the most
promising electrolytes for proton-conducting SOFCs [4,7,17].

So far, the preparation methods of tubular SOCs (such as extrusion [18], gel-casting,
phase conversion [19], and atmospheric plasma-spraying [20]) have attracted much atten-
tion. However, one of the major problems is the trade-off between the preparation process,
production costs, and product quality. Compared with the above-mentioned methods,
slip casting is characterized by simple equipment, easy processing and uniform casting
composition, and dense electrolytes are supported by the dip-coating process [7,10,21,22].
Herein, as a proof-of-concept study, electrode-supported tubular protonic ceramic cells
were successfully fabricated by using slip-casting and dip-coating methods, and their
corresponding SOFC and SOEC modes have also been studied. In the SOFC mode, cell
power density was evaluated at different temperatures, and cell stability was also mea-
sured for 100 h. Additionally, electrocatalytic CO2 reduction at various temperatures was
measured in SOEC mode, and the influence of different protective gas concentrations on
the electrolytic process are discussed in this study.

2. Results and Discussion

The XRD of the BZCYZ powders (cubic perovskite structure; the band gap energy is
2.96 eV based on the UV-vis diffuse reflectance spectrum [23], see Figure S1) obtained at
room temperature is illustrated in Figure 1a [24], and no secondary phase was discovered.
Figure 1b exhibits the XRD spectra of BZCYZ-NiO (1:1 in weight ratio) mixture sintered
at 1150 ◦C for 2 h, and neither additional diffraction peaks nor peak shifts were observed,
indicating BZCYZ and NiO are compatible with each other.
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Figure 2a shows the overall cross-section of the SOFC with a fuel electrode covering the
entire cell thickness. Compared with planar anode-supported fuel cells, the tube fuel cell
must be thick enough to enhance the body strength of the anode. The porosity, mechanical
performance, and shrinkage of the anode support depend on the thickness of the anode
support. In the cofiring process, the fuel electrode tubular support body should be in
accordance with the rate of contraction of the electrolyte. If the shrinking speed of the
support is faster or slower than that of the electrolyte, then it may result in cell structural
damage [25]. Figure 2b shows the cross-sectional microstructure of the assembled cell.
The overall thickness of the electrolyte was about 25 µm, and the composite cathode was
about 5 µm. Figure 2c shows an enlarged electrolyte layer microstructure sintered for 6 h
at 1450 ◦C, when the electrolyte is sufficiently dense to avoid gas mixing. The electrolyte
owns several closed but not interconnected pinholes, which was attributed to the fast
heating rate and uncompleted removal of organic matter additives. Figure 2d shows an
enlarged anode support view. The observed uniform pores in the anode support were
convenient to quickly distribute gas and generate electrochemical catalytic reaction sites.
It is evident from observations of the microstructure that the combination of sequential
slip casting, dip-coating, and cofiring techniques is applicable to the production of fuel
electrode-supported tubular fuel cells.
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Figure 2. Cross-sectional SEM images of tubular fuel electrode for SOFC. (a) Overall cross-sectional
microstructure. (b) Magnified view of cathode–electrolyte–anode functional layer–anode. (c) Magni-
fied electrolyte microstructure. (d) Anode support microstructure.

Figure 3a represents electrochemical performance conducted at 550–700 ◦C. The OCVs
of the fuel cell mode were 0.96 V, 0.99 V, 1.01 V, and 1.02 V at 700 ◦C, 650 ◦C, 600 ◦C,
and 550 ◦C, respectively. The OCVs were somewhat below the theoretical value of a
dense proton-conducting fuel cell [26–28]. The OCV deviation from the Nernst potential at
various temperatures was mainly due to the reduction of the electrons in the electrolyte
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and the sealing of the fuel cells and electrodes [29]. This was mainly due to the reduction of
Ce3+ from Ce4+ in the electrolyte at low partial oxygen pressures, resulting in unavoidable
electronic conductivity in the electrolyte [30,31]. The OCV of the nearly prepared anode
support fuel cell was realized by using a 25 µm electrolyte prepared by a dip-coating
method, thus showing sufficient density of the electrolyte [32–37]. The power densities of
our cells were 191 mW·cm−2, 181 mW·cm−2, 152 mW·cm−2, and 111 mW·cm−2 at 700 ◦C,
650 ◦C, 600 ◦C, and 550 ◦C, respectively. Figure 3b shows the EIS results of the fuel cell
mode from 700 ◦C to 600 ◦C, and the ohmic resistance and polarization resistance decreased
significantly. The total area’s specific resistance was determined by ohmic resistance, which
mainly related to the thickness of the fuel electrode and electrolyte. Properly increasing
the thickness of the anode support could improve the success probability of the cell during
sintering. The resistance to polarization of the electrode increases gradually, which is
mainly due to a reduction in the catalytic activity of the surface of the electrode as the
temperature drops [38]. Even though 700 ◦C has shown better SOFC performance, it is not
suitable for practical application, and the current collecting ability of silver paste degrades
under long-term high-temperature treatment. Therefore, the stability tests over 100 h at
650 ◦C and 600 ◦C were conducted. Figure 3c shows the V-I and P-I curves of the fuel cell
mode following the 100 h stability test. The power densities of the cell were 153 mW·cm−2

and 112 mW·cm−2 at 650 ◦C and 600 ◦C, respectively. Figure 3d shows the EIS of the cell
at 650 ◦C and 600 ◦C after 100 h of fuel cell stability testing. The ohmic resistance of the
cell was 1.25 Ω·cm2 and 1.29 Ω·cm2 at 650 ◦C and 600 ◦C, respectively, over 100 h, and its
polarization resistance was 0.2 Ω·cm2 and 0.4 Ω·cm2 at 650 ◦C and 600 ◦C, respectively.
As the NiO reduced to Ni, the ohmic resistance and the polarization resistance decreased
significantly.

Figure 3e shows a variation in the area-specific resistance of a fuel cell mode in
accordance with different temperatures. The ohmic resistances of the cell were 1.50 Ω·cm2,
1.56 Ω·cm2, and 1.58 Ω·cm2 at 700 ◦C, 650 ◦C, and 600 ◦C, respectively, and the fuel
cell’s polarization resistance was 0.15 Ω·cm2, 0.35 Ω·cm2, and 0.85 Ω·cm2, respectively at
those temperatures. Cell resistance and polarization resistance increased as temperature
decreased due to the decreased protonic conductivity and catalytic activity of the fuel cell
electrodes.

The stability test curve of a cell under a stable voltage of 0.55 V at 650 ◦C is shown
in Figure 3f; performance degradation after 100 h was approximately 15.4%. Since the
production of an effective area collector for a tubular fuel cell is difficult in comparison with
that of a planar fuel cell, there were fluctuations in the first 40 h. After 40 h, the fuel cell’s
output performance was relatively smooth, demonstrating that the fuel cell had achieved a
steady status. The SEM and EDX after the stability test were analyzed. The cross-section
shows that the anode support, electrolyte, and cathode maintained a sandwich structure,
and the element distribution presented almost the same as the fresh cell, as shown in Figure
S2.

Figure 4a illustrates the V-I curves of the electrolysis cells for the 20% CO2–80% H2
electrolysis reaction measured at various temperatures. As the temperature dropped,
the electrolysis current density decreased, which was mainly due to increases in ohmic
resistance and polarization. Figure 4b,c illustrate the effect of different concentrations of
CO2 on electrolysis performance in SOEC mode. The air electrode was supplied with 3%
H2O–97% air, which was not changed in the electrolysis cell test. As the concentration of
CO2 increased, the current density gradually decreased. As a result, the current density
reached 504 mA·cm−2, 459 mA·cm−2, 465 mA·cm−2, 416 mA·cm−2, and 335 mA·cm−2 as
the CO2 concentration gradually changed from 10% to 50% at 1.4 V electrolysis voltage. The
adsorption and desorption of both H2 and CO2 occurred on the surface of the nickel. The
decrease in H2 concentration caused a decrease in the rate of NiO reduction, thus leading
to a decrease in the number of catalytic sites and the subsequent current densities.
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Figure 3. Electrochemical performance of SOFC mode with LSCF air electrode. (a) V-I and P-I test
curves. (b) EIS spectra of cell at 700–600 ◦C. (c,d) V-I, P-I, and EIS test curves of fuel cell after 100 h
stability test. (e) Area-specific resistances derived from Nyquist plots, total cell resistance (RTot),
ohmic resistance (ROhm), and interfacial polarization resistance (RPol). (f) Stability test at a voltage of
0.55 V at 650 ◦C for 100 h.
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Figure 4. Electrochemical performances of tubular electrolysis cells. (a) Typical V-I graph of cell
tested at different temperatures; wet air was injected into the air electrode, and the fuel electrode was
supplied a mixture of H2 and CO2. (b) Typical V-I curves of cell tested at 650 ◦C. (c) Relationship
between electrolytic current density and gas composition at 1.4 V electrolytic voltage. (d) Short-term
performance of CO2 reduction at different voltages.

In addition, the electrolysis performance for 20% CO2–80% H2 electrolysis reactions
are shown in Figure 4d. The current density of electrolysis was stable within 1.0–1.8 V.
The electrolysis current tended to increase when the electrolysis voltage exceeded 1.4 V.
As the electrolysis time increased, the nickel oxide was reduced to nickel and the number
of catalytic sites increased [39], leading to an increase in the electrolytic current, which is
even comparable with the previous electrocatalytic CO2 reduction performance under high
temperature, as listed in Table S1.

Figure 5a shows the EIS of the electrolysis cell under 20% CO2–80% H2 in a fuel
electrolytic electrode and 3% H2O–97% air in an air electrode. The ohmic resistance and
polarization resistance of the electrolysis cell increased continuously as the temperature
decreased. The corresponding ohmic resistances at 700 ◦C, 650 ◦C, and 600 ◦C were
2.40 Ω·cm2, 3.13 Ω·cm2, and 3.96 Ω·cm2, respectively, and the polarization resistances were
3.22 Ω·cm2, 6.47 Ω·cm2, and 6.94 Ω·cm2, respectively. In the case of using an LSCF air
electrode in wet air, the surface did not have the ability to conduct protons in time, leading
to higher polarization resistance [40]. Figure 5b illustrates the EIS results at 650 ◦C with
different CO2:H2 ratios. The impedance of the electrolysis cell increased with the increase
of CO2 concentration.
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Figure 5. (a) EIS of electrolysis cell under 20% CO2–80% H2 in fuel electrode and 3% H2O–97% air in
air electrode at different temperatures. (b) EIS of cell at an applied voltage of 1.6 V at 650 ◦C: with 3%
H2O–97% air in air electrode, CO2 concentration changed from 10% CO2–90% H2 to 40% CO2–60%
H2. (c) DRT curves from the EIS conversion. (d) Stability of cell at 650 ◦C and 1.6 V for 80 h: 20%
CO2–80% H2 in the fuel electrode and 3% H2O–97% air in the air electrode.

Additionally, DRT and EIS curves were used to study the influence of electrolytic
current density on the electrode surface [41,42]. There were three peaks from high to
low frequencies, namely (from high to low) P1, P2, and P3, and different-peak regions
correspond to the polarization resistance of the respective electrode reaction processes.
P1 was in the high-frequency range and is probably related to surface charge transport.
P2 belonged to the medium frequency range and may be associated with ion surface
diffusion, whereas P3, expressed in the low-frequency region, is linked to the adsorption
and dissociation of gas molecules on the electrode surface [43,44]. The peak of the P1
region was stable as the concentration of CO2 increased, indicating that the charge transfer
was not related to CO2 concentration. When the CO2 concentration was increased, the
areas of the P2 and P3 peaks increased, suggesting that the corresponding processes in P2
may be related to surface exchange, dissociation of adsorbed molecules, and ion diffusion
processes. As for the P3 region, this change may indicate the competitive adsorption and
diffusion of CO2 and H2 gases on the electrode surface. The above DRT results contribute
to the understanding of the transfer process of charge and species. Figure 5d demonstrates
the electrolytic stability of the cell at 650 ◦C for 80 h under an applied voltage of 1.6 V. S1 is
the stabilization interval of 40 h for electrolysis, during which the current density reached
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550 mA·cm−2. After the 40 h test, S2 is the stabilization interval after that took place after
electrolysis performance decreased. In the S2 test period, the current density weak drop
was attributed to electrode materials cracking from the current collection. During the S3
test period, the current density did not degrade after restart, proving that the BZCY and
nickel oxide composite electrode is still a highly competitive electrode for CO2 electrolysis.

3. Materials and Methods
3.1. Synthesis and Characterization

BaZr0.4Ce0.4Y0.15Zn0.05O3−δ powders were prepared from BaCO3 (Aladdin, Shanghai,
China, 99%), ZrO2 (Aladdin, China, 99%), CeO2 (Aladdin, China, 99.95%), Y2O3 (Aladdin,
China, 99.9%), and ZnO (Sinopharm, Shanghai, China, AR) precursors with conventional
solid phase reactions. The stoichiometric amounts of precursors were mixed and ground
in ethanol, and then dried in an oven. The dried powders were pressed into a Φ18 mm
disk with stainless steel molds at 230 MP, and then sintered for 10 h at 1100 ◦C. Then, the
obtained powders were ground, dried, pressed, and sintered at 1150 ◦C in air for 10 h to
achieve pure-phase perovskite powders. Finally, the pure-phase powders were crushed
and ground for another 30 h. Similarly, La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF), regarded as air
electrode, was prepared with a modified sol-gel method [45].

3.2. Fabrication of Tubular SOCs via Slip Casting and Dip-Coating Methods

As shown in Figure 6, the flowchart of preparing the porous tubular fuel electrode
support is described as follows.

(1) Slurry ball milling. NiO/BZCYZ fuel electrode slurry (Table 1) was prepared by ball
milling at 200 r/min for 10 min.

(2) Slip casting. NiO/BZCYZ fuel electrode slurry was poured into plaster molds, and
the water in the slurry was absorbed by the porous dry plaster mold, forming a solid
NiO-BZCYZ on the inner wall of the plaster specimen. Then, during the formation
of the tubular structure, the mold remained filled with slurry for about 30 s until the
desired shell thickness was reached. The excess slurry was poured out, and the wet
plaster mold dried at room temperature.

(3) Fettling and sintering. The NiO-BZCYZ tubular fuel electrode support was separated
from the mold during the room-temperature dry process (about 5 h). The fuel electrode
support was thoroughly dried at 25 ◦C and presintered at 1150 ◦C for 2 h to reinforce
the support and decompose organic additives and graphite pore former.

(4) Dip coating. After presintering the porous tubular fuel electrode support, the anode
function layer (AFL, Table 2) films were prepared with the dip-coating method. The
AFL paste was soaked and coated on the surface of the tube fuel electrode by dipping
twice, and the electrolyte (Table 3) was dipped 5 times. The dipping speed, holding
time and pulling speed were kept at 6 mm/s, 5 s, and 2 mm/s, respectively.

(5) Electrolyte layer sintering. Similarly, the BZCYZ electrolyte thin layer was coated
over AFL by the same method as Step (4) and then cofired for 6 h at 1450 ◦C. The
Vickers hardness values of the obtained proton tubular fuel cells at different sintering
temperatures are shown in Figure S3.

(6) Cathode preparation and sintering. The cathode slurry paste was prepared by using
LSCF (70% by weight), BZCYZ (30% by weight), and a suitable amount of conductive
glue (6 wt% ethyl cellulose + 94 wt% terpilenol). The cathode paste was coated on the
electrolyte and then sintered at 950 ◦C for 2 h.

(7) Current collection preparation. The cathode surface was coated with silver grids, and
a thin layer of silver paste was applied on the anode to collect the electric current. A
silver wire was connected to the anode and cathode of the connecting section, and the
current was directed outward.
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Table 1. Composition of NiO-BZCYZ fuel electrode support slurry.

Components Mass or Volume

NiO 6 g
BZCYZ 4 g

Graphite 1 g
Arabic gum 0.2 g

H2O 100 mL
NiO: (Aladdin, China, 99%), Graphite: (Aladdin, China, 99.95%), Arabic gum: (Aladdin, China, meidical grade)

The NiO provided the reaction site of the fuel electrochemical reaction, and it had the
stability to keep the structural framework in the reducing atmosphere. Arabic gum played
a major role in maintaining plastic and adhesive properties in the prepared anode support
paste, which can release the full tubular anode support once the slurry has been completed.

Table 2. Composition of anode functional layer slurry.

Components Mass or Volume

NiO 5 g
BZCYZ 5 g

PVB 0.5 g
TEA 0.52 g
PEG 0.32 g

Alcohol 50 mL
TEA: Triethanolamine (Sinopharm, China, AR); PVB: Polyvinyl butyral (Sinopharm, China, AR); PEG: Polyethy-
lene glycol (Sinopharm, China, AR).

Table 3. Composition of electrolyte dip-coating slurry.

Components Mass or Volume

BZCYZ 10 g
TEA 5 g
PVB 0.5 g

Alcohol 50 mL
TEA: Triethanolamine (Sinopharm, China, AR); PVB: Polyvinyl butyral (Sinopharm, China, AR); PEG: Polyethy-
lene glycol (Sinopharm, China, AR).
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3.3. Characterization

The crystal structure of obtained powders was analyzed using an X-ray diffractometer
(XRD, Smart Lab SE, Tokyo, Japan) at 20–90◦ with a scanning speed of 5◦ min−1. The
microstructure of the SOC was studied using a scanning electron microscope (SEM, Hitachi
Regulus 8100, Tokyo, Japan). Band structure and optical property was surveyed with a
UV–Vis spectrophotometer (TU-1900, Beijing, China). The Vickers hardness values of the
electrolyte pellets were tested using the HV 1000 micro durometer (Shanghai, China) with a
load of 4.9 N, and the load holding time was set to 15 s. The pore volume fraction (porosity)
of the porous support layer was 38.4% as measured with a ceramic porosity analyzer
(Mayzum: MAY-ENTRIS120, Shenzhen, China). The actual density (ρa) of the proton
conductor electrolyte BZCYZ was measured by Archimedes’ method, and the theoretical
density (ρt) of the electrolyte BZCYZ was calculated using XRD data. The relative density
(ρrel) was 92.6% as calculated with the following formula [46,47].

ρrel =
ρa

ρt
× 100%

As illustrated in Figure 7, during the SOC electrochemical test, a compact Al2O3 tube
was first sealed with silver paste. The cathode surface was coated with silver grids, and a
thin layer of silver paste was applied on the anode to collect the electric current. A silver
wire was connected to the anode and cathode of the connecting section, and the current
was directed outward. The enclosed tubular SOC was then placed into the quartz tube
within a one end-closed furnace.

During the SOFC mode test, the temperature increased to 700 ◦C at a heating rate of
10 ◦C min−1, and then decreased to 550 ◦C. Humidified H2 (3% H2O) was fed into the
fuel electrode chamber at a flow rate of 50 mL·min−1, and the air electrode was placed in
ambient air. During the SOEC mode test, the air electrode was fed wet air (3% H2O–97%
Air) at a flow rate of 50 mL·min−1. The different proportions of CO2 and H2 fed into
the electrolysis cell through the gas mixer. An Ivium workstation was used to test the
current density of the cell at 1.0–1.8 V for 10 min. The stability of the electrolysis cell
was studied under a stable voltage of 1.6 V with a rate of flow of 20 mL·min−1 of 20%
CO2–80% H2 at 650 ◦C for 80 h. A Solartron workstation (1260 + 1287) was used to record
electrochemical performance and electrochemical impedance spectroscopy (EIS). EIS was
measured under open circuit conditions (OCV) in the frequency range of 100 kHz to 0.1 Hz
with an amplitude of 10 mV.

Catalysts 2023, 13, x FOR PEER REVIEW 11 of 13 
 

 

 

Figure 7. Schematics of the electrochemical test. 

4. Conclusions 

In this work, we prepared fuel electrode-supported tubular protonic ceramic cells 

using the conventional ceramic slip-casting and dip-coating methods to produce a pro-

tonic ceramic fuel cell (PCFC) and a protonic ceramic electrolysis cell (PCEC). In PCFC 

mode, a cell output performance of 151–191 mW·cm−2 was achieved at 550–700 °C. The 

main influence on the current density of PCFC came from the internal resistance of elec-

trolyte itself and cathode current collector. In PCEC mode, the current density of CO2 elec-

trolysis was 418–654 mA·cm−2 at 600–700 °C, which is related to the protective gas concen-

tration and polarization resistance of the air electrode. The electrolytic rate-limiting steps 

for CO2 electrolysis were determined to be the gas adsorption and dissociation on the 

electrode surface. We will focus on the effect of air electrodes on the electrolytic perfor-

mances of PCEC and continue to improve the preparation process of tubular SOCs in the 

future works.  

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Figure S1: Band structure and optical property of obtained BZCYZ. (a) UV-

vis diffuse reflectance spectra. (b) The bandgap energy is 2.96 eV based on the UV-Vis Kubelka-

Munk function; Figure S2: The SEM and EDX images of the anode support cross-section after sta-

bility test; Figure S3: The Vickers hardness of obtained proton tubular fuel cell at different sintering 

temperatures; Table S1: The comparison of electrocatalytic CO2 reduction with other single cell con-

figuration.  

Author Contributions: Conceptualization, Y.X. and T.H.; methodology, Y.X.; software, Y.X.; vali-

dation, Y.X. and T.H.; formal analysis, Y.X.; investigation, Y.X.; resources, T.H.; data curation, Y.X. 

and Y.X.; writing—original draft preparation, Y.X.; writing—review and editing, M.W., Z.W., D.B., 

Y.W., F.J., and T.H.; supervision, T.H.; project administration, T.H.; funding acquisition, T.H. and 

D.B. All authors have read and agreed to the published version of the manuscript. 

Funding: This work was financially supported by the National Key R&D Program of China 

(2021YFE0198500), National Natural Science Foundation of China (No. 91745203, 52072362, 

21905269), Youth Innovation Promotion Association CAS (No. 2021223), and the Jilin Province Sci-

ence and Technology Development Plan Funding Project (No. 20220201112GX, 20200201079JC). 

This research work was supported by the Open Funds of the State Key Laboratory of Rare Earth 

Resource Utilization (RERU2022004). 

Data Availability Statement: The data presented are available on request from the authors. 

Conflicts of Interest: The authors declare that they have no known competing financial interests or 

personal relationships that could have appeared to influence the work reported in this paper. 

References 

Figure 7. Schematics of the electrochemical test.

4. Conclusions

In this work, we prepared fuel electrode-supported tubular protonic ceramic cells
using the conventional ceramic slip-casting and dip-coating methods to produce a protonic
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ceramic fuel cell (PCFC) and a protonic ceramic electrolysis cell (PCEC). In PCFC mode,
a cell output performance of 151–191 mW·cm−2 was achieved at 550–700 ◦C. The main
influence on the current density of PCFC came from the internal resistance of electrolyte
itself and cathode current collector. In PCEC mode, the current density of CO2 electrolysis
was 418–654 mA·cm−2 at 600–700 ◦C, which is related to the protective gas concentration
and polarization resistance of the air electrode. The electrolytic rate-limiting steps for CO2
electrolysis were determined to be the gas adsorption and dissociation on the electrode
surface. We will focus on the effect of air electrodes on the electrolytic performances of
PCEC and continue to improve the preparation process of tubular SOCs in the future
works.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13010182/s1, Figure S1: Band structure and optical property
of obtained BZCYZ. (a) UV-vis diffuse reflectance spectra. (b) The bandgap energy is 2.96 eV based
on the UV-Vis Kubelka-Munk function; Figure S2: The SEM and EDX images of the anode support
cross-section after stability test; Figure S3: The Vickers hardness of obtained proton tubular fuel cell
at different sintering temperatures; Table S1: The comparison of electrocatalytic CO2 reduction with
other single cell configuration.

Author Contributions: Conceptualization, Y.X. and T.H.; methodology, Y.X.; software, Y.X.; valida-
tion, Y.X. and T.H.; formal analysis, Y.X.; investigation, Y.X.; resources, T.H.; data curation, Y.X. and
Y.X.; writing—original draft preparation, Y.X.; writing—review and editing, M.W., Z.W., D.B., Y.W.,
F.J. and T.H.; supervision, T.H.; project administration, T.H.; funding acquisition, T.H. and D.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the National Key R&D Program of China
(2021YFE0198500), National Natural Science Foundation of China (No. 91745203, 52072362, 21905269),
Youth Innovation Promotion Association CAS (No. 2021223), and the Jilin Province Science and Tech-
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was supported by the Open Funds of the State Key Laboratory of Rare Earth Resource Utilization
(RERU2022004).
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