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Abstract: Developing high ionic conducting electrolytes is crucial for applying proton-conducting fuel cell (PCFCs) practically. The cur-
rent study investigates the effect of alumina on the structural, morphological, electrical, and electrochemical properties of CeO,. Lattice
oxygen vacancies are induced in CeO, by a general doping concept that enables fast ionic conduction at low-temperature ranges
(300-500°C) for PCFCs. Rietveld refinement of the X-ray diffraction (XRD) patterns established the pure cubic fluorite structure of Al-
doped CeO, (ADC) samples and confirmed Al ions’ fruitful integration in the CeO, lattice. The electronic structure of the alumina-doped
ceria of the materials (10ADC, 20ADC, and 30ADC) has been investigated. As a result, it was found that the best composition of
30ADC-based electrolytes induced maximum lattice oxygen vacancies. The corresponding PCFC exhibited a maximum power output of
923 mW/cm? at 500°C. Moreover, the investigation proves the proton-conducting ability of alumina-doped ceria-based fuel cells by using

an oxide ion-blocking layer.

Keywords: proton ceramic fuel cells; oxygen vacancies; higher fuel cell performance; doping; fast ions transportation

1. Introduction

Proton-conducting fuel cells (PCFCs) offer a promising
solution for efficient and environmentally friendly energy
conversion, specifically at low operating range, i.e., around
550°C. High proton conducting electrolytes with thermally
and electrochemically compatible electrodes are in great need
for realizing highly efficient PCFCs. Barium cerite and bari-
um zirconate based on perovskite oxides are commonly used
as proton-conducting ceramics. However, their protonic con-
ductivities and overall performances are still behind when
compared with conventional high-temperature fuel cells, e.g.,
using yttria-stabilized zirconia (YSZ) [1-4]. In the aspect of
ionic conductivity, interpretation of semiconductor electro-
chemistry is required in order to develop semiconductor ion-
ic materials with advanced high proton conductivities that
can replace those perovskite proton electrolytes in low-tem-
perature operating PCFCs [5-7]. Recently, it has been repor-
ted that proton conduction character and resulting conductiv-
ity can be tuned in via surface engineering by accomplishing
a core—shell structure and through surface doping in some
oxide ceramic materials, e.g., CeO,, that lead to a noticeably
high proton conductivity of ~0.1 S/cm at 550°C [8-11]. Ad-
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ditionally, high-performance operation with optimum ionic
conductivity and long-term stability at low operating temper-
ature (450-550°C) has been realized by the use of semicon-
ductor-based materials such as gallium doped ceria (GDC)
and other single-layer electrolytes [12—13]. In particular, a
GDC nanocrystalline electrolyte with high ionic conductiv-
ity of 0.37 S/cm and excellent fuel cell performance of 591
mW/cm? at 550°C has been found by Chen et al. [14]. Shah
et al. [15] investigated GDC electrolyte shows a power dens-
ity of 569 mW/cm? with a maximum ionic conductivity of
0.1 S/cm even at 450°C. The Li-based metal oxide layered
structure NijgCoy 15Aly0sLi0,-s (NCAL) has been widely util-
ized as electrode materials in semiconductor-based fuel be-
cause of its superior redox reaction rate and excellent catalyt-
ic activity at low operating temperatures (300-600°C) [16].
Additionally, a variety of doped ceria-based semiconductors
and ionic conducting electrolytes (single-phase) have been
established for their excellent power density and stability at
low (450-550°C) and intermediate (500-650°C) temperat-
ures [17-20].

The electrolyte materials play a crucial role in facilitating
proton transport within a cell, and cerium dioxide (CeQ,),
known as ceria, has become an emerged material for such in-
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vestigations as a potential proton conductor due to its ability
to modulate oxygen vacancies and introduce proton conduc-
tion at elevated temperatures (300-500°C) for PCFCs. Alu-
minum oxide (Al,O;), also known as alumina, is used in vari-
ous applications such as photocatalysts, sensors, electronics,
optical, magnetic, coating, and as a catalyst due to its high
surface area, thermally stable, and high mechanical resist-
ance [21-24]. Alumina is emerging as a tremendous poten-
tial and novel material to create surface defects to tune the
inherent oxygen vacancies, which boost the ionic conduc-
tivity [25].

Here, we present a new approach to tune inherent oxygen
vacancies into proton carriers and develop proton conduction
for high-performance Al-CeO,-based PCFCs. Specifically,
we explore the incorporation of low-valency cations, particu-
larly Al*', into CeO, to promote oxygen vacancy concentra-
tion and, importantly, establish surface and bulk doping
gradients to create local concentration gradience for en-
hanced proton transport.

2. Experimental
2.1. Synthesis of alumina doped ceria (ADC) powder

All the chemicals used in this investigation were commer-
cially available, analytical-grade products from Sinopharm
Chemical Reagent Co., Ltd. in China. They were utilized pre-
cisely as received, requiring no further purification steps. The
proton conducting electrolyte materials Al,Ce,_,O, (where
x = 0.1, 0.2, and 0.3) as alumina doped ceria (ADC) were
prepared via a direct sintering method. Calculated amounts of
cerium nitrate and aluminum nitrate with varying contents
were dissolved in 20 mL of deionized water. The solution
was dried in a digital oven at 120°C for 24 h. The dried ma-
terial was ground well to make it a fine powder. Afterwards,
the powder was calcinated in a muffle furnace at 1000°C for
4 h to acquire the final product, denoted as ADC. Three types
of ADC with various amounts of alumina (10mol%,
20mol%, and 30mol%) and ceria were denoted as 10ADC,
20ADC, and 30ADC.

Commercially available nickel cobalt aluminum lithium
oxides (NiggCoq5Alo0sLi0,-5, NCAL), purchased from
Tianjin Bamo Sci. & Tech. Joint Stock Ltd., China, has been
used as the symmetrical electrodes, catalyst, and current col-
lectors. The NCAL-Ni electrodes were made using a terpin-
ol solvent and commercial NCAL powders. The NCAL
powder was mixed with the necessary amount of terpinol to
attain the viscous paste of NCAL electrodes. However, Ni-
foam in the form of a button was also cut simultaneously,
having 0.64 cm?® of the active area. A thick slurry was ap-
plied to the Ni-foam and allowed to dry for 20 min at 120°C
to make the NCAL—Ni electrodes.

2.2. Fuel cell configuration and evaluation

The prepared ADC-based electrolyte materials were com-
pressed and placed between two symmetric NCAL-Ni elec-
trodes. Inserted NCAL Ni-foams serve as symmetrical elec-
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trodes, while ADC is an electrolyte. Later, the electrodes and
electrolytes (where the electrolyte was sandwiched between
the symmetrical electrodes) were placed in a die and com-
pressed at 250 MPa for 2 min to produce a button-shaped
pellet with an active area of 0.64 cm” and a diameter of 13
mm. The electrolyte in the cell was approximately 0.65 mm
thick, whereas the produced pellet had a thickness of 1.5 mm.
Two hours before the fuel cell performance test, the prepared
cell with the following configuration (NCAL-Ni/ADC/
Ni-NCAL) was sintered at 550°C. Afterwards, the cell was
inserted into the apparatus to begin electrochemical imped-
ance spectroscopy (EIS) and fuel cell performance measure-
ments. Pure hydrogen was provided as fuel on the anode side
and air as an oxidant on the cathode side at rates of 90-120
mL/min and 160-200 mL/min, correspondingly. A program-
mable electronic load (IT8511A) was used to measure
voltage and current and plot the characteristic curves for cur-
rent—voltage (/-V) and current—power (/-P) to study the fuel
cell performances. The electrochemical workstation Energy
Lab XM was utilized to determine the EIS in an H,/air atmo-
sphere at various operating temperatures ranging from 380 to
500°C. For this measurement, the applied frequency range
was 0.1 Hz—1 MHz with an amplitude of 10 mV.
2.2.1. Hydrogen concentration cell and oxygen concentra-
tion cell

The 30ADC material was pressed into a circular disc with
a diameter of 13 mm by using a hydraulic press under pres-
sure of 450 MPa. To prepare the fuel cell devices, silver paste
was pasted on both sides of the disc and allow it to dry. The
cell devices that use 30ADC as electrolytes are preheated for
2 h at 550°C. Next, the temperature was dropped to 420°C.
Then, the anode and cathode of the cell were treated with
99.999% pure H, and 5% H,/Ar. Heating at intervals of 20°C
was used to measure open circuit voltage (OCV) to 560°C.
The atmosphere on both sides of the oxygen concentration
cell was then replaced with air and 2% O,/Ar to determine the
oxygen concentration.
2.2.2. Characterization techniques

Several characterization techniques are used to evaluate
the effect of A" doping in CeO,. X-ray diffraction (XRD) is
employed to analyze doping-induced structural changes,
providing insights into the altered crystal structure and phase
composition. Further, the Rietveld refinement profile of XRD
patterns is performed for phase purification utilizing the
FULLPROF program. Moreover, high-resolution transmis-
sion electron microscopy (HR-TEM) and scanning electron
microscopy (SEM) offer comprehensive details regarding the
distribution, size, and shape of the doped CeO, particles
throughout the samples. Raman spectroscopy elucidates the
lattice distortions induced by A’ substitution by investigat-
ing the vibrational modes of the doped material. X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha) as-
sessed the surface properties of powdered 10ADC, 20ADC,
and 30ADC. To describe the proton conduction behavior in
the samples, EIS is utilized. An analysis technique called
DRT converts impedance data as a function of frequency in-
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to a distribution of the system’s time constants. By applying
the distribution of relaxation time (DRT) approach to EIS
analysis, it is possible to obtain a high-resolution identifica-
tion of the polarization processes. As a result, the DRT curve
makes it possible to distinguish between the polarization pro-
cesses that overlap in the EIS curve.

In order to achieve the attractive cell’s performance, it is
crucial to determine the optimal concentration of AI*" doping
in CeO,. The realistic effect of different doping levels
(10mol%, 20mol%, and 30mol%) on the oxygen vacancy
concentration and proton conductivity was examined. Simul-
taneously, surface and bulk doping techniques need to be de-
veloped and optimized to establish the desired concentration
gradients. It is essential to strike a balance between oxygen
vacancy formation, structural integrity, and surface proper-
ties to determine the optimum AI*" doping concentration.

3. Results and discussion
3.1. Structural and phase analysis

The room temperature XRD pattern and Rietveld refine-
ment patterns of prepared ADC electrolyte powder with dif-
ferent contents via direct sintering route are shown in Fig. 1.
The XRD patterns shown in Fig. 1(a) for the ADC samples
sintered at 1000°C for 4 h confirm the cubic fluorite struc-
ture (JCPDS no. 43-1002) with space group Fm3m. It can be
signified that all the characteristic peaks belong to the cubic
phase of pure ceria, with no secondary phase identified in the
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XRD pattern; it is advised successful doping of alumina in
ceria [26-29]. Reduction in the most intense peak (111) is
due to the AI’* substitutions at Ce*" sites, leading to the signi-
ficant lattice expansion [30]. Because the ionic radius of alu-
minum is smaller than that of cerium, when aluminum ions
replace cerium ions in the ceria lattice, the smaller size of alu-
minum ions can cause distortion in the local lattice. As a res-
ult of aluminum incorporation, there is an elevation in lattice
parameters. The rise in lattice parameters, attributed to alu-
minum doping, leads to a displacement of XRD peaks to-
ward lower diffraction angles. This shift occurs due to the in-
creased interplanar spacing resulting from the expanded lat-
tice. From Rietveld refinement patterns, as shown in
Fig. 1(b)«(d), the investigation demonstrates that Al doping
in CeO, has no effect on the cubic fluorite structure of CeO,,
further supporting the idea that Al-doped CeO, lattice only
forms a single cubic phase. Moreover, the unit cell volume,
lattice parameter, and consistency factors like reliability
factor (R-factor), profile R-factor (R,), weighted profile R-
factor (R,,), expected R-factor (R.,), and Bragg R-factor
(Rprage) are the best-fitted values as listed in Table 1. Most of
the alumina take the interstitial lattice sites of the ceria lattice
or stay at the grain boundaries to stabilize the structure.
However, doped alumina leads to change in the lattice para-
meter and unit cell volume of the host material because of the
smaller radius of A" ions (0.57 A) than that of Ce*" ions
(0.92 A). The variation in lattice parameter can certainly in-
duce defects such as oxygen vacancies on the lattice sites.
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Microstructural analysis: (a) XRD pattern of Al-CeO, with different contents; (b—d) Rietveld refined patterns of 10ADC,

20ADC, and 30ADC, respectively. Y,,, and Y, are the observed data and calculated data, respectively.
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Table 1. Lattice parameters, average crystallite size, and Rietveld refinement results profile of Al-doped CeO, with different com-

positions

Composition Lattice parameter / A~ Average crystallite size/nm  Unit cell volume / A’ R-factor R, R

Rexp RBragg

wp

A10.1C60.902 5.4083 30
A10_2C60.802 54113 26
A10_3Ceo_702 54118 21

158.25 0.531 146 174 13.17 0.893
158.46 0.585 212 235 139 1.109
159.28 0.729 214 268 154 1.150

3.2. Morphological analysis

SEM and HR-TEM are conducted to inspect the micro-
structure and morphology of Al-CeO, as represented in
Fig. 2. Two SEM images (Fig. 2(a) and (b)) and two HR-
TEM images (Fig. 2(g) and (h)) at varying resolution illus-
trate its small and uniform distribution of nano-level par-
ticles. Many acquaintances developed between these grains
or particles. Also, these results demonstrate that Al consider-
ably expands the lattice planes of the crystalline phase of
ceria, correlating the lattice parameter difference seen above
in XRD and proving the incorporation of alumina in the ceria
lattice. Additionally, the 10 nm HR-TEM image shows the
development of a surface layer with increased oxygen vacan-
cies, which facilitates charge transmission. The HR-TEM
picture was enlarged using the ImageJ software to clearly
show the plane (220) with an interplanar d-spacing of 0.21
nm, as shown in Fig. 2(h). However, the presence of alumina
is visible and measured in element mapping images of
Fig. 2(c)—(f). Even though certain regions are more Al-rich
than ceria, the Al and CeO, mappings show a somewhat ho-
mogeneous mixing of the two elements. As a result, Al incor-

500 nm 500 nm

__170nm N\ W

poration into the CeO, lattice is confirmed by the diffraction
and microscopy results of Al-CeO, nanoparticles. The ob-
tained nanostructure benefits from the synergistic effects of
the characteristics of the 30A1-CeO, particles, which bene-
fits the constructed device’s electrochemical properties. The
formation of nanoparticles of ADC manifests the increased
surface area, which enables and creates more active sites and
improves the performance of the structured fuel cell device.

3.3. Raman spectra and XPS analysis

Raman spectroscopy is a scientific technique used to de-
termine molecules’ vibrational and rotational modes.
Fig. 3(a) shows Raman spectra of ADC with different Al-
dopant contents. The high-intensity peak at 462 cm ™' is at-
tributed to F,, mode of CeO, [31-33]. Phonon confinement,
stress, and enlargement associated with size defects, distribu-
tion, and variations in phonon relaxation with particle size are
some reasons that cause the Raman peak position of 462 cm™
peak to fluctuate due to doping [34]. The Al-doping may in-
duce local structural changes or distortions in the ceria lattice.
These structural modifications could affect the Raman scat-
tering behavior of the material. Depending on the dopant

i

i/

Fig. 2. (a, b) Morphological characterization and SEM images, (c—f) element mapping images, and (g, h) HR-TEM images of

30ADC powder.
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Fig.3. (a) Raman analysis, (b) XPS survey spectra, and (c—e) O 1s spectra of Al-CeQ, with different contents.

content and synthesis conditions, there might be a possibility
of phase segregation, where certain material regions have a
different composition or structure. This phase separation
could influence the Raman spectra.

XPS is employed to investigate the surface properties,
such as the creation of defects and the chemical composition
of the prepared electrolyte materials. Fig. 3(b) shows the XPS
survey spectra of 10ADC, 20ADC, and 30ADC. The XPS
survey spectra of Al-doped CeO, with different concentra-
tions confirm the occurrence of Al, Ce, and O elements in the
materials. XPS spectra of the O 1s area are utilized to provide
more information about the surface hydroxyl group (OH"),
lattice oxygen, absorbed oxygen, and oxygen vacancies
[35-36]. The O 1s scan of 10ADC, 20ADC, and 30ADC
provides evidence of the lattice oxygen and oxygen vacan-
cies, as shown in Fig. 3(c)(e). The peak at lower binding en-
ergy, 529.3 eV, may be attributed to lattice oxygen species
(Op), whereas the peak at higher binding energy, 531.2 eV,
may be attributed to oxygen defects (Oy) [37-38]. Addition-
ally, the development of oxygen vacancies is represented by
the area ratio of the peak oxygen defects to the peak oxygen
lattice (Oy/O.). The relative area ratio values for the I0ADC,
20ADC, and 30ADC are calculated to be 0.62, 0.78, and
0.84, respectively. It can be indicated that more incorpora-
tion of alumina contents in ceria induces the more oxygen va-
cancies. The enhanced oxygen vacancies, to a certain extent
withing the tested range, increase proton conduction as a res-
ult of the cell’s rapid catalytic activity, which will signific-
antly enhance electrochemical performance.

3.4. Electrochemical performance test

The [-P and -V characteristic curves at low temperature

ranges (380-500°C) are indicated as in Fig. 4 to determine
the fuel cell performance of ADC based electrolytes using
hydrogen as a fuel and oxygen as an oxidant. NCAL was
chosen as a result of its rapid catalytic reactions for oxygen
reduction (ORR) and hydrogen oxidation (HOR). Employ-
ing NCAL-Ni/ADC/Ni-NCAL configuration, high power
output and open circuit voltage (OCV) of the fuel cell were
taken into account when evaluating its performance. As long
as the fuel cell maintained a steady OCV, its performance
was evaluated. Fig. 4(a) represents the comparison of elec-
trochemical performances of 10ADC, 20ADC, and 30ADC
based electrolytes, exhibiting peak power densities of 765,
859, and 923 mW/cm? respectively at an operating temperat-
ure of 500°C. After conducting the tests for electrochemical
performance, it was revealed that 30ADC performed the best
among the others and achieved a maximum power density of
923 mW/cm? at 500°C when stable OCV was 1.077 V, while
pure CeO, reported 533 and 515 mW/cm? at 550 and 510°C,
and even has low fuel cell performance at higher temperature
as compared to ADC materials [39—40]. Additionally, the
peak power densities of 30mol% Al doped CeO, based cell as
represented in Fig. 4(b) influence 923, 857, 628, 424, and
205 mW/cm? at an operational temperature of 500, 470, 440,
410, and 380°C, respectively. The maximum power output
initially enhanced with the influence of alumina contents.
The performance of NCAL-Ni/30ADC/NCAL-Ni configur-
ation at 500°C was significantly greater than that from repor-
ted pure or doped CeO, [14,41-45]. Hence, the experimental
results showed that the cell performance had improved,
primarily as a result of increased ionic conductivity and oxy-
gen vacancies. These factors are crucial for enhancing the
electrochemical performances of the electrolyte and facilitat-
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Fig. 4. I-P and I-V characteristics curves: (a) fuel cell performances comparison of 10ADC, 20ADC, and 30ADC as electrolytes at
500°C; (b) best fuel cell device (Ni-NCAL/30ADC/NCAL-Ni) under different operating temperature. (c) Cross-sectional SEM view

of 30ADC after test.

ing rapid ionic transport. A cross-sectional SEM image of
30ADC cell is shown in Fig. 4(c) after fuel cell performance
test, where the three layers of relatively dense electrolyte with
thickness of 521 um and porous electrodes are exhibited.

3.5. EIS and DRT analysis

To explore the electrochemical characteristics of PCFCs
based on 10ADC, 20ADC, and 30ADC electrolytes, EIS was
carried out from the same cell of Fig. 4(a) and (b). As illus-
trated in Fig. 5(a), EIS comparison spectra were measured at
500°C, a temperature similar to that of fuel cell environment.
With a 10 mV AC signal applied, the EIS spectra have been
determined in 0.01 to 1 MHz range. The Nyquist curves fit-
ting was achieved by using the equivalent circuit R, Ry, R,
CPEl, and CPE2, in which R, denotes ohmic resistance or
electrolyte’s ohmic resistance, sum of R, and R; denotes elec-
trode polarization resistance, and CPE1 and CPE2 are con-
stant phase elements [46]. It was found that good performing
cell (30ADC) produced lowest values of electrode polariza-
tion resistance and ohmic resistance of any other composi-
tion after conducting EIS under fuel cell conditions. This is
demonstrated in Table 2. At 500°C, 30ADC produced an
electrode polarization resistance of 0.40 Q-cm?” and an ohmic
resistance of 0.13 Q-cm’. EIS spectra expose reduced resist-
ance values, which offer additional indication for 30ADC
electrolyte’s efficient and well-behaved electrochemical
properties in the fuel cell system. Correspondingly, at 550°C,

pure ceria oxide produced ohmic resistance of 0.25 Q-cm?
[2]. The highest ionic conductivity in a desirable composi-
tion, which leads to rapid catalytic processes, is reflected in
the least ohmic resistance. Increased compatibility between
the electrolyte and electrode can help to improve fast ORR
catalytic abilities, as seen by the decrease in electrode polar-
ization resistance in 30ADC along with the ohmic resistance.
Additionally, EIS of 30ADC cell was performed in the
380-500°C temperature range as displayed in Fig. 5(b). With
the decrease of temperature, ohmic and polarization resist-
ances increasing gradually, which also affected the conduct-
ivity and fuel cell performance.

As seen in Fig. 5(c), additional DRT analysis was conduc-
ted to examine the specific polarization dynamics of the
Al-CeO, electrolyte using NCAL electrodes. The DRT
curves exhibit four distinct peaks, denoted as P1-P4, ranging
from high frequency to low frequency, signifying the pres-
ence of four primary processes that determine rate. A lower
frequency, typically related to the polarization process from
charge transfer, dissociative adsorption, or species surface
exchange, to gas diffusion, is observed. On the other hand, a
high frequency region is associated with the several phe-
nomenon related to hydrogen adsorption, dissociation, pro-
ton formation, and lattice incorporation [47]. The O, adsorp-
tion/dissociation and oxygen species diffusion at the cathode
side are shown by the P2 and P3 peaks, respectively. The O*
incorporation and transfer in the lattice can be attributed to
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Table 2. EIS comparison of fitting parameters, total conductivity (o) from EIS, and ionic conductivity (o;) by I-V curves results
at 500°C
Composition R,/ (Q-cm?) R,/ (Q-cm?) Ry / (Q-cm?) o (by EIS)/(S-cm™) o (by I-V) / (S-cm™)
10ADC 0.17 0.09 0.54 0.13 0.10
20ADC 0.15 0.06 0.49 0.15 0.12
30ADC 0.13 0.04 0.36 0.18 0.15

the peaks that exist as P1 and P2 in Al-CeO, [48]. Across all
Al-CeO, samples, the P3 peak indicates the quickest reac-
tions involving oxygen species in the sample. The material
for PCFCs had much improved proton conductivity as a res-
ult of these treatments. Incorporating low valency cations,
such as AI*", into CeO, produces a lattice strain that facilit-
ates the creation of oxygen vacancies, hence enhancing the
ionic conductivity overall.

There is no discernible difference in P1 intensity across all
cells. If we compare 30ADC to other samples, it is interest-
ing to note that the P4 peak with the lowest strength at low
frequency appears there. Improved compatibility between
electrolyte materials and cathode sample is demonstrated by
the reduction of both ohmic resistance and electrode polariz-
ation resistance in 30ADC. This can help improve both the
fuel cell performance and the quick ORR catalytic functions.
The formation of P4 peak explained gas diffusion in the
NCAL support electrode. At 500°C, the P4 of a cell based on
30ADC is the smallest and contributes the least amount of

polarization. However, because the rate-limiting process only
contributes a small amount to the continuous electrode polar-
ization, its effect on the performance of the cell is minimal.
This view acts as a catalyst for proton transport and produces
local concentration gradients that raise the oxygen vacancy
concentration, while also significantly improve Al-CeO,
proton conductivity.

3.6. Ionic conductivity analysis and conduction mechan-
ism

The ionic conductivity (o) collected from the Fig. 4(a)
and total conductivity (o) collected from Fig. 5(b) of
30ADC are attained from the slope of polarization curves and
EIS, as shown in Fig. 6(a). The ionic conductivity is acquired
from 0.15 to 0.02 S/cm in temperature range of 380-500°C.
The o collected by EIS reasonably exhibits high range of
0.18 to 0.06 S/cm in the same temperature range (380—
500°C). It is reported that pure CeO, carried a conductivity of
0.052 S/cm at 550°C [39]. Upon incorporating Al into CeO,,
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an ionic conductivity of up to 0.15 S/cm at 500°C was
achieved. Such a high ionic conductivity progresses fuel cell
performance of electrolytes in PCFCs, smoothing the charge
carrier movement. The enhanced conductivity is a con-
sequence of increased ion mobilities in the ADC electrolytes
as well as increase number of oxygen vacancies, as distin-
guished in XPS O Is spectra as shown in Fig. 3(b). A notice-
able improvement of conductivity in ADC electrolyte grasps
remarkable potential for significantly enhancing the electro-
chemical performance of the fuel cells by employing such an
electrolyte layer. 30ADC electrolyte’s increased conductiv-

Temperature / °C
500 470 440 410 380
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ity allows for more effective ion transport, accelerating reac-
tion kinetics and lowering ohmic losses in the device. An in-
crease in conductivity results in an increase in a device’s
power output, overall efficiency, and stability. The achieved
ionic conductivity is noticeably higher than that of the proton
conductor Ba(Zr, ,Cey,Y(,)03-5 (BCZY) 0.02 S/cm at 700°C,
the predominant oxygen ion conductor samarium doped ceria
(SDC) ~0.05 S/cm at 700°C, the GDC 0.04 S/cm at 700°C,
the ceramic YSZ 0.13 S/cm at 1000°C, and the GDC/YSZ
mixture film ~0.01 S/cm at 1000°C [49-53].
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Fig. 6. (a) Ionic conductivity from I~} curves and total conductivity from EIS at 380-500°C; (b) I-P and I-V characteristic curves

of the oxygen ion blocking inserted fuel cell; (c) EIS spectra of 30ADC measured in H,/air and D,/air; (d) EIS spectra of 30ADC
measured in different water partial pressure. (e) Theoretical and observed voltage of hydrogen concentration cell and (f) proton

transport number during hydrogen concentration cell.

To verify the core charge carriers in the fuel cell, an oxy-
gen ion blocking layer by using well known proton conduct-
or BZCY with preparation of NCAL-Ni/BZCY/30ADC/
BZCY/NCAL-Ni was designed and tested. It permits only
the transportation of protons and prevents the passage of oxy-
gen ions via the electrolyte [54]. By eliminating the influ-
ence of other carriers, this blocking cell method has been
used in prior investigations to assess a precise ionic conduct-
ivity [14,55-56]. This layer exclusively facilitates the trans-
portation of H' ions and prevents the passage of ¢ /0%
through the electrolyte membrane. Consequently, the cur-
rent-voltage curve depicted confirms the transport of H™ ions
in 30ADC, establishing the dominant proton conduction in
our device (Fig. 6(b)). The device exhibits a noteworthy
OCV of 1.09 V and maximum power density of 656
mW/cm®. Up to 75% of the fuel cell performance was
achieved with BZCY layers as compared to without the
BZCY layered cell. The additional interfaces introduced by
the BZCY in the cell structure causes power losses at these
interfaces, resulting in a 25% decrease in the output.

To further verifying the proton transport phenomenon in
ADC materials, isotopic measurements were carried out. The
30ADC based fuel cell displays a clear difference in different
atmosphere such as H, and D, as represented in Fig. 6(c). The
big difference between D and 'H specifies an isotope effect,
i.e., proton conduction in 30ADC. When D" and H" are in-
tegrated in 30ADC to form deuteroxyl/hydro groups (OD' or
OH'), protons and deuteroxyl/hydro groups migrate at a
higher rate than deuterons, significantly exhibited in ohmic
and polarization resistances.

Additionally, a fuel cell with the configuration of
Ni-NCAL/30ADC/Ni-NCAL was fabricated to confirm the
proton conduction by utilizing water with different partial
pressure as a fuel. It was observed that by increasing water
amounts, ohmic and polarization resistances decreased, as
described in Fig. 6(d), which confirmed that more proton
(H") and (OH") ions are moving through the membrane.

Hydrogen concentration cells and oxygen concentration
cells were built in order to ascertain the conduction mechan-
ism for 30ADC under fuel cell operating circumstances. By
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using the predicted theoretical voltage and the actual voltage,
the H" transference number was about 55%-81% between
420 and 560°C, as shown in Fig. 6(e) and (f). In the oxygen
concentration cell test, no voltage was seen, and the oxygen
ion transference number is 0 between 420 and 560°C. The
measurements of concentration cells revealed that the
30ADC electrolyte was mainly proton conducting properties
during fuel cells operation, with almost negligible oxygen ion
conduction.

4. Conclusions

AT’ doping in CeO, possesses great potential for increas-
ing oxygen vacancy concentration and creating surface and
bulk gradience through careful control of the doping ap-
proach. These modifications significantly advanced the pro-
ton conductivity of the material for PCFCs. By systematic-
ally incorporating low-valency cations, such as AI*', into
CeO,, the resulting lattice strain promotes the formation of
oxygen vacancies, thereby improving the overall ionic con-
ductivity. Doping CeO, with AI’" ions offer an intriguing ap-
proach to inducing oxygen vacancies both in the bulk struc-
ture and on the particle surfaces. By substituting Ce*" with
AP' in varying proportions (10mol%, 20mol%, and
30mol%), the crystal lattice structure of CeO, is modified.

Additionally, by establishing doping gradients on the sur-
face and in the bulk, local structural distortion and lattice
strain are introduced, further promoting the uneven distribu-
tion of oxygen vacancies. This approach generates local con-
centration gradients that increase the concentration of oxy-
gen vacancies and provide a driving force for proton trans-
port, effectively enhancing the proton conductivity of Al-
doped CeO,. It was evidenced that introducing A’ ions into
CeO, significantly impacts its proton conductivity. The in-
creased oxygen vacancy concentration results in a higher
density of mobile charge carriers (protons) within the materi-
al. Furthermore, the surface and bulk doping gradients create
local concentration driving forces that promote proton trans-
port. Consequently, the overall ionic conductivity of Al-
doped CeO, is greatly improved, enabling more efficient pro-
ton transport across the electrolyte. This enhancement in pro-
ton conductivity is vital for the performance of PCFCs, as it
directly influences their power density and overall efficiency.
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