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Abstract

Ce(Q is an oxygen nonstoichiometric material for thexistence of redox pair of
Ce*" and C&", even under an oxidizing atmosphere, and itsdmiing is fulfilled bases
on the multivalence characteristics. It has beeweskin versatile applications, including
fuel cells and catalysis. Excellent solid oxidel foell performances have been achieved
at intermediate and low-temperature range basedoped cerium oxide electrolyte. In
this study, we utilize its self-doping form to pesp core-shell structure bi-phase
nano-composite of CeCand alkali carbonate (3€0O;, N&COs, and KCOs) through a
two-step synthesis method. SEM, TEM, XRD, and El&asurements were applied to
characterize the morphology, crystal size, thed@oeinductivity of the electrolyte, and the
electrochemical performance of resulting ceramiel fgells. An exceptional ionic
conductivity of 0.34 S cthwas generated at 55Q in air, significantly different from its
insulating property of the perfect Cephase. A power density of 910 mW émwas also
achieved as the highest electrochemical performafice single cell. The multi-ionic
conduction behavior of Cetzarbonate is also discussed. The results reveaffaative
approach to develop alternative SOFC electrolyteterrds for low-temperature,
high-performance energy conversion applications.
Keywords. Low temperature solid oxide fuel cell; Core-shé@&ria-carbonate composite

electrolyte; interface conductivity; Self-dopingldnid ionic conduction



1 Introduction

With the development of hydrogen energy economiyd sixide fuel cell (SOFC)
turns into one kind of fuel cell that is potentyailhdustrialized in prospect due to the high
efficiency, fuel flexibility, and sustainable chataristics [1-5]. The electrolyte is the key
component that determines the system operating detype and
electrode/interconnect/sealant material and otteange of plants_[6]. Generally, the
classic ionic transportation of conventional SOFIEctolytes, like yttria-stabilized
zirconium (YSZ), is highly relied on the inner oxygvacancies of the atomic lattice
which was created through heteroelement doping odelbgy [7-10]. Such an ionic
transportation rate, however, is limited due to shreng interaction of the charge carrier
with the cations on the lattice and between eaehngehcarrier [1,11-13]. That requires a
high operating temperature (700-100C) to reach sufficient ionic conductivity.
Therefore, the marketization of related SOFC tetdgyowas restricted by the necessary
and rigorous performance of equipment/componeikis,dealing and the degradation of
cell components or fuel cell performance with egshtime.

Cerium-based oxides are one of the kinds most miamialternative electrolyte
materials to replace doped zirconia for intermedigmperature solid oxide fuel cells.
Excellent activity of cerium based oxide electrelynaterials through heteroelements
such as Sm, Ca and/or Gd doping has been well-deci@sh in the literature with
exceptional fuel cell performance [14-16]. Howevis, electronic conductivity under
reducing atmosphere, such as the typical fuel aetidic condition, impedes such a

promise. Ceria-based composite is therefore praptuzsevercome the intrinsic drawback



while improving its ionic conductivity, with a patlar interest in the ceria-carbonate
composite [17-22]. The latter has displayed rentaekaionic conductivity and
electrochemical performance at low temperature®-@&ID °C) [23,24]. For example,
ionic conductivity records of SgpCey §O,-carbonate composite reached 0.5 S'@n600
°C by Peter Lund et al. [19], and that of G&®Oys reached 0.16 S chat 520°C
[17,18,25]. The prominent performance record of 8Q¥th ceria based nanocomposite
material as the electrolyte of 1004 mW tat 470°C was reported in our previous work
[26]. It has been reported that the high ionic eanigity of cerium based oxide material
highly relies on the bi-phase and interface stmecfR1,27,28]. The required ionic transfer
energy on the particle surface/interface is sigaiitly lower than that of bulk oxygen
ions conduction through the intentionally createggen vacancies, for the incomplete
atomic lattice with less hindrance from atoms ahdnaical bonds at the surface [29].
Generally, the grain boundary resistance is thrdere of magnitude larger than the grain
bulk resistance_[30]. But in this bi-phase nanocosite, the grain boundary gaps are
complemented by other elements/the second phaskthendiverse potential among
elements in the interface will promote ionic tramgation [27,29]. A more informative
case by Li S. et al, [31] tested the electrochehpeaformance of a conventional molten
carbonate fuel cell with LiAl@carbonate composite electrolyte under the typg@aFC
conditions i.e without the recycling of G@ the cathode condition. A peak output of 466
mW cni? at 650°C was obtained in SOFC condition, which is siguifitty larger than the
normal values for MCFCs. The absence of,CGfcluded the fuel cell performance

contribution from charge carrier of G while it is owing to protons or oxygen ions.



Also considering the insulating property of LiAlOand traditional bulk C¢
ionic-conducting behavior of carbonate, the integfaonic conduction behavior is
therefore deduced. However, the direct evidenc&wic conducting highways at the
bi-phase interfaces is not yet confirmed. More meéagork by Wang and Xing et al.
[25,32] reported nonstoichiometric of CgQvithout any heteroelement dopants provides
proton shuttle effect under fuel cell condition aswuper electrochemical performance,
indirectly proving the surface or interface ionionduction pathway. Moreover, the
charge carriers in transportation in nanocomposigetrolytes include proton, oxygen
ions, and C@ [22,33-38]. Multiple ion transfer (MIT) gives ris® the outstanding
electrochemical performance, other than that cailsedingle ions (&) transmission
through bulk atomic lattice [9,10]. The introductiof extrinsic ionic conduction (M in
the composite besides the intrinsic ones (@hd CQ?) makes the study of ionic
transportation more interesting but complicatedndée in this work, a non-doped
ceria-carbonate composite was achieved througleasaly controlled two-step synthesis
method [18,21,27]. A perfect interface is expedtedorm between alkali carbonate and
CeQ/Ce(; in the form of a core-shell structure. In genellT, core-shell structure,
ionic high-way interface and self-dope GECeQy5 as core functionality facilitate the
ionic conductivity of electrolyte materials and lfuell electrochemical performance
[15,25,27,39]. This work again highlights the higfiicient interfacial ionic conduction
for a high-performance fuel cell application ang@ests an alternative method to further
overcome the ionic conduction barrier which coutit he realized by the normal bulk

doping approach.



2 Experimental

2.1 Material and pellets preparation

Cerium nitrate (Ce(Ng€)s*6H,O), ammonium bicarbonate (NHCO;3), alkali
carbonate (N£LO; and KCGO3), nickel nitrate (Ni(NQ)2*6H,0) and LINQ were bought
from Aladdin-e (www.aladdin-e.com, China) and usetthout purification. All chemicals
are analytic reagents.

The electrolyte material was prepared through adtep synthesis method includes
a co-precipitation procedure followed by thermalagaration and calcination. The
amount of Ce(N@)3*6H,O was dissolved into deionized water to form aM.Solution,
and 0.5 M NHHCO; solution was achieved through the same method. tew
precipitated precursor was immediately obtainedanfithe mixing of the two solutions
with continuous stirring at 1200 rpm for 2 hoursl dallowed by 12 hours aging at room
temperature. Then a specific amount of@la;, K,CO; and LING; were made into 0.5 M
solution according to the molar ratio Li: Na: K 5500.26: 0.24, and keep the atomic ratio
between cerium and the total amount of alkali el@sé€Li, Na, K) is 7:6, then the
solution was impregnated into the precursor preatipi The above-mentioned mixture
was aged 5 hours after a 2-hour continuous stiant000 rpm, then dried at 8G. The
dry precursor was calcinated at 8for 3 hours and naturally cooled in air.

Ni(NO3)2*6H,O and LING were dissolved in deionized water togethemolar
ratio 7 : 3, then evaporated, dried and calcine8i0at°C in air for 4 hours, then cooling

with the furnace naturally to form the symmetrieattode catalyst.



Electrode free electrolyte pellets and symmetrectebde sandwiched single SOFC
pellets with a 13 mm in diameter were preparedufinoa cold-pressing method as
reported in the literature [40]. Electrolyte pedlé¢the electrolyte thickness is 2.1 mm for
ionic conductivity in air and 1.35 mm in hydrogeasy) and electrode sandwiched single
SOFC pellets in a thickness of ~1.1 mm were prepbyedry-pressing under a 300 MPa
pressure intensity, then both sides are coverel wilver paste before being in-situ
annealed for both pellets at 600 for 1 hour to increase its mechanical strengtie T
presence of carbonate acts as a high temperaugealncrease interaction between the
electrode and electrolyte layer, and to form a Bd@alacarbonate network spreads through
the whole pellet [41], so that an ever low sintgriemperature of 60T is applied. After
that, we adjusted the temperature of the furnatergeting value by an amplitude of@

1

min~, maintaining for at least 30 minutes before peniog the electrochemical

impedance spectroscopy and fuel cell voltage-ctidensity characterizations.

2.2 Material characterization & electrochemical measurement

X-ray diffractometer (XRD) was used to charactetize electrolyte and electrode
material crystal structure on a PANalytical X’P&RO MPD Alpha-1 Diffractometer,
with Cu Ka radiationX= 1.5418 A), 45 kV and 40 mA. Thé 2vas ranged from 20 — 90°
at a measuring speed of 0.2° per second. Bothretectand electrolyte material surface
morphology and particle size were examined by arsog electron microscope (SEM,
FEI APREO S).

The ionic conductivities of the electrolyte pelleteasured by AC impedance

spectroscopy method through a Reference 3000 -futtat, the applied AC frequency



range is 1 MHz~0.1 Hz, with a 10 mV amplitude. Ansgetric single fuel cell pellet with
silver paste painting layer as a current colleetas used to measure the electrochemical
performance. The fuel cell performance is achietedugh a home-made stainless steel
fuel cell sample holder, with a programmable etattr load (IT8511, ITECH Electrical
Co., Ltd.). The flowing Hand air are used as fuel and oxidant, respectif@lyuel cell
demonstration and performance study. The |-V afddraracteristics are then obtained
at a linear scanning rate of 5 mV* §om open-circuit voltage to 0.2 V. Two different
applied gas atmospheres, static air, and hydrogen(Xpvol.% H balanced with highly
purified Np), are used in the electrochemical impedance spmmipy (EIS) study to

reveal the hybrid ionic conduction behaviors of posite electrolyte pellet.

3 Resultsand discussion

3.1 XRD analysis

XRD pattern of electrolyte material is showrAg. 1a, which is fully indexed to be
Ce(, no crystal phase of alkali carbonate in the patt®uld be observed. It has been
reported that the alkali carbonate is an amorplstate in compositing with cerium based
oxide [29]. The amorphous alkali carbonate existaahell on the CeQparticle since
carbonate adsorbed on the surface of nanoceri@lparnvith strong interaction. The ionic
highway is therefore built with the presence ofaamorphous alkali carbonate layer and
gives outstanding ionic conductivity and fuel cakctrochemical performance [29]. The
peaks of electrode material XRD patteffigilb) are indexed to bbdNig72O crystal

structure, which anastomoses with the element obritem material synthesis. Nickel



oxide is one kind of remarkable catalyst for thec&bchemical hydrogen oxidation
reaction, and the lithium doping reduces the bapdgdue and increases the electronic
conductivity to improve the oxygen reduction ad§ijé42].

The crystal sizes (D) of electrolyte and electraterial are calculated from XRD
spectra according to Scherrer formul®:= KA/B co¥ Here D is the crystal siz&,is
the wavelength, in this case, it's 0.154056 AmFWHM 0.101. The crystal sizes of ceria
based electrolyte  material is  therefore  calculatedD;=0.89*0.154056
nm/(0.101/180*3.14*cos14.2775) = 80.3 nm, and dattisize of LiNIQ is
D,=0.89*0.154056 nm/(0.231/180*3.14*c0s21.9885) = 736im. Both give severe

aggregation under typical fabrication conditions.

a —— CeO,-Lig sNag 56K ,,CO;5 b — Li,Ni,0
Ce0, PDF#89-8436 Lij ,4Ni, ;,0 PDF#77-2023

Intensity(a.u.)
Intensity(a.u)

R I ¥
T T ] |

20 30 40 S0 60 70 8 9% 20 30 40 S0 6 70 80 90
20 20

Fig. 1. XRD spectra of electrolyte and electrodeéemal, (a) composite electrolyte, (b)

LiNiOXx electrode

3.2 Structure and mor phology studies

The morphology of the electrode material is shownFig. 2a; the uniform
polyhedron particle with a grain size of 0.5¢#h has been obtained. Spherical particles
with a grain size of 5-1Qm for electrolyte materials are shownRig. 2b; andFig.2c is

9



the SEM image of the part of the light biBeheme 1 in Fig. 2b. The shell of particles in
scheme 1 melts after the continuous electron begrosare during SEM observation.
The window shape molten area formed by the higlrggnef the SEM electron beam
irradiation when the single-particle was measuneden a 100 nm resolution, with a high
applied voltage 15.0 kV voltage, 93ué current and 10.2 mm measuring distance, and
the temperature of radiation area may reach seliaralred degrees [43]. The crystal size
of electrolyte material is about 80 nm from thecoddtion by Sherrer formula, which

constitutes the larger sized particles, as shovgn2.

Fig. 2. SEM images of electrolyte and electrode mater{alselectrode, (b) electrolyte

materials, (c) enlarged morphology of electrolyt@enial from area 1 after in-plant

scanning by an electron beam in Fig. 2 (b).

From Fig. 2 and 3, we know that the particle of electrolyte matensl of a
micrometer size level, the TEM beam can not gegubh such thick matrix, as shown in
Fig. 3a, a dark shadow like a black ball is observed uid@ recording condition. The
magnified TEM imagesHig. 3b and c) show that the electrolyte particle is mgosite of
the well-crystallized phase plus an amorphous lgi#g. 3c). Based on the applied

material composition and literature, we can conreltrdat the crystal material is Cg@nd
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the amorphous layer is composed of alkaline catieoriehey form a typical core-shell
structure, which is consistent with previous workee amorphous alkali carbonate as
shell and Ce@crystal as core in it. The alkali carbonate sthwth a low melting point of
400-450°C is easy to melt or be evaporated under SEM ard H&m, while the CeD
with a high melting point will not_[18,29]. Besidesuch a core-shell structure with an
enormous interface will endow outstanding ionic dwctivity to electrolyte material, as

recorded in previous works [27,28,35,44].

Fig. 3. TEM images of electrolyte materials, (a) singstgele (b) enlarged area 1 in Fig.

3a, (c) Enlarged area 2 in Fig. 3b.
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3.3 Electrical and electrochemical performance

The electrochemical impedance spectra (EIS) otrelgte pellets with silver paste
current collectors in air and hydrogen gases, sy, were recorded from 450 - 550
°C and the results are shown Fing. 4. To better obtain the necessary ionic transport
resistance and electrochemical process, an enlpageévalent circuit composing with;R
series connects with several series-parallel carorecinclude one resistor and one CPE
is applied to simulate the impedance spectra. édtuivalent circuit, the Rand R
correspond to resistors and GRE constant phase elementrBpresents the resistance
to ionic transmission of electrolyte,;#R; and CPE1-CPE3 are related to the mass
transportation, ionic diffusion from an electrolyte an electrode, and the electrode
reaction processes. Generally, the impedance spefcthe conventional oxide electrolyte
ceramics compose of two semicircles and one taltivo semicircles correspond to bulk
resistance and grain boundary resistance, andihis the emblem of ionic diffusion in
electrodes [13,45]. Normally, the ceramic grain ribary resistance is two~three orders
of magnitude larger than that of grain bulk resis&a[30,45]. To the electrolyte material
which is composited by cerium oxide and alkali cewdite, there is only one semicircle in
the high frequency range and followed by one taithe low frequency range, which is
frequently observed in other literature with similamaterial composition
[19,23,35,40,46,47]. This is affected by the irded resistance between the cerium oxide
grain and the alkali carbonate layer before carteonzelting [18,27,48]. And the mono

semicircle vanished when the operating temperataehes to the softening point (396

°C) of the amorphous layer, for the interface gagrafns disappeared, and the curve tail

12



represented redox reaction speed and gas diffusemianism in electrod&7]. From the
above, we are aware of that the molten proceseeofimorphous alkali carbonate starts
from ~400°C, the grain boundary gaps got filled by the mottarbonate, leading to quite
different grain boundary atmosphere compared véhaxide-oxide grain boundary one,
that caused the grain boundary resistance disaggb@@rEIS. The composite electrolyte
shows similar electrochemical responses in oxidiam and reducing hydrogen gas, a
high frequency intercept on the real axis plus ragldail, the later is caused by ionic
diffusion from the electrolyte into silver pastee@rode because of the ionic and
electronic conduction nature between two differemiaterials. The semicircles
corresponding to bulk/grain boundary resistancaphear when the alkali carbonate is
melted. Besides, you may see that the tail in hyeinogas is larger than that in air,
probably is due to the lower electrocatalytic atgivof Ag toward hydrogen oxidation

reaction (HOR) compared with that of oxygen redarctieaction (ORR).

10 500°C Fitted . i 450°C Fitted

B e 500°C | —e—450°C
550°C Fitted 124 500°C Titted

231 - ssoc v 500°C

- 450°C Fitted “"_ 550°C Fitted

- e 450°C 550°C

T T

10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35
2(Q) Z'(Q)

Fig. 4. Temperature dependence of the electrochemicaldance spectra of the

electrolyte material in air (a) and: b) at the temperature range of 450-800
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At the elevated temperature above the carbonatdingeboint, ~400°C, the
enlarged interface with the melting carbonate aawide ionic conduction highway since
the ionic conduction of the interface is much higliean the bulk conduction without
structure limitation because of the increased dahargrrier concentration and charge
mobility at the interface. The ionic conductivitf/the electrolyte pellet is then calculated
based on the equatiorz=L/(AR), where L is electrolyte thickness, A is the cutren
collector and reaction area, 0.64“dmthis case, and R is the resistance);(Rnd the
results are shown iRkig. 5. Both ionic conductivity increases with the rideoperating
temperature, showing ionic conduction thermal atidn characteristics. Splendid ionic
conductivity of the electrolyte pellet of 0.225 8tat 450°C and 0.34 S cthat 550°C
in air, and of 0.07 S cthat 450°C and 0.20 S crhat 550°C in hydrogen, were achieved.
It is mentioned above that the alkali carbonatetsta soften from about 40T, the
molten carbonate fills the grain boundary gap, Whidll generate a mass of mobile ions
sourced from the soften carbonate, including caat®(CQ?) and M (M = Li, Na, and
K); all will contribute to the total ionic conduuity. Plus the possible Dand H
conduction in air and hydrogen or water containaignosphere, the hybrid ionic
conduction is the unique characteristics over ttraraon ceramic electrolyte material, in
which only one, maximum of two ions, are includé&tie multi-ionic transportation, no
grain boundary gap, and huge interface from thee-sbell structure of both proton
“shuttle” effect in core-shell CeffILeG;[25] and Ce@s-carbonate raise the exceptional
ionic conductivity. It should be mentioned thatauar case the oxide core we used is the

undoped Ceg@) which could be considered as an insulator urtteideal condition. Such
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an excellent ionic conductivity should, therefdve,ascribed to the addition of carbonate,
which creates abundant interfaces for the superioonduction pathway without lattice
structure limitation. Considering that all cont#ire CQ?> and alkaline earth metallic (W
conductivity, and higher total ionic conductivity air vs. in hydrogen, we can conclude
that the proton conductivity is lower than the osiygconductivity during 450-55€C,
which is consistent with previous studies on cedghonate composite electrolyte [49,50].
The promoted catalytic effect of alkali carbonaterdrd ORR may be credited [51]. Any,
the ionic conductivity at the level of 168 cm'is still much higher than that of typical
ceramic ionic conductivity. In particular, the aigpl operational temperature is 450-550

°C, making it a potential electrolyte for low temakrre SOFCs.

0.35

—a— |n air
—e— |n 10 vol.% H-N,

0.30

o
N
T

lonic conductivity (S cri)
o o
[ Ny
{ ?

o
=
=

0.05 T v T v T v T v T v T v T
440 460 480 500 520 540 560
Temperature C)

Fig. 5. The calculated ionic conductivity of compe®lectrolyte material in air and,H

separately at the temperature range of 450°650
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With the excellent ionic conductivity of electradymaterial, plus the highly active
and hybrid H/O?/e conductive LiNiQ electrode catalyst that enables the enlarged
electrochemical reaction active sites, the trigleg®e boundaries, for high electrode
activity [52,53], the assembled symmetric cell witiNiO, electrode gives excellent
electrochemical performance at the temperatureerarigd50-556C (Fig. 6). The peak
power output reaches to 499.8 mW tat 450°C, already reaching to the benchmarking
industrial applicable fuel cell performance val&d]} which is further increased to 910
mW cm? at 550°C. The outstanding performance is comparable tatieent best fuel
cell performance working at low temperatures regmiih the literature_[5,55,56], while
we adopted a much simpler single-cell fabricatioocpdure with the additional virtue of
low material cost. The performance is also supdddhat with only the self-doped CeO
electrolyte under similar conditions [25,32]. Be=idit should be noted that the single
symmetric cell in our case has a thick electrolgyger up to 300um, therefore, it is
expected that ever improved fuel cell power densdyp be obtained with a reduced
electrolyte layer thickness. Theoretically, the kp@awer output could be improved to
1218 mW crif at 550°C if the electrolyte thickness is reduced toph0 of the common
ceramic electrolyte layer, given the same electroatalyst and open-circuit voltage as
well as fuel cell test condition. Such an excellpeak power output is one of the highest
values in the literature, and it still holds a Emgpom since the electrode polarization

resistance still dominates the total polarizatiesistance.
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Fig. 6. The electrochemical performance of fuel cells féH0-550°C.

It should be noted that the ideal cubic cerium exgives a low ionic conductivity
due to the insulator nature with limited surfacé{tdefects such as oxygen vacancy that
serves as a charge carrier for ionic transportatiime introduction of self-doping
CeQ@CeQ; induces richens surface oxygen non-stoichiometd yelds constrained
surface region which creates interesting surfaceciconduction behavior, as reported
proton “shuttle effect” in the literature [25]. Hewer, such a material may be limited to
the nanoscale electrolytes that can not be fulppgetl in high temperatures and stabilized
under extended operational times. Besides, we dhoemember though the molten
carbonate gives excellent carbonate and alkalimie monductivity due to the liquid phase
structure under the elevated temperature, its ceitgavith LiIAIO, under the typical
molten carbonate fuel cell atmosphere displays ehnhawer fuel cell peak power density,
normally lower than 300 mW cf[57] with the average value of 120-150 mW Ttior

the commercial system at 680 [58], 3-6 times lower than that of our case. €Reellent
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fuel cell performance, therefore, should be asdrifwethe excellent ionic conductivity of
CeQ-carbonate composite. The surface proton shutiated by the self-doping in
non-stoichiometrical nanoscale ceria [25,32] andritdy oxygen ionic and proton
conduction along the huge oxide-carbonate interfld®22,33,40,59] provide ionic
transportation highway in the composite electrolgted subsequently contribute the
prominent fuel cell performance. Of course, we madimit that more sophisticated
characterization techniques and in-depth procedgrstanding are needed to reveal the

exact ionic conduction mechanism in such a compterposite system.

4 Conclusions

In this work, a two-step method was implemente@repare a core-shell structure
composite of undoped Ce@nd alkali carbonate (Li/NafKOs) as electrolyte materials
to low temperature SOFCs. The core-shell structumegrating with the melting of
carbonate above 40 which eliminates the grain boundary resistanak emarges the
interface area between Cg&ihd carbonate, generates the ionic conduction taghwith
a mass of mobile ions as the charge carrier, lgatdirstriking ionic conductivity at the
temperature range of 450~5%D. Exceptional ionic conductivity of 0.34 S ¢rim air and
0.20 S crit in hydrogen gas at low temperature (5%L) was aroused. Noticeable
electrochemical performance of 910~499.8 mW?aom a single SOFC was reached in
the hydrogen/air atmosphere at the temperatureerah$50~450C. Besides, the ionic
conductivity of 0.225 S cthremained at 456C in air, which may open an avenue to

develop super low temperature SOFC.
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