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HIGHLIGHTS

e Utilized Sm-doping to enhance processing and improve proton conductivity.
e Tested cells in protonic fuel cell (PCFC) and electrolysis cell (PCEC) operation.
o Maximum power density of 410 mWem 2 is observed in PCFC at 600 °C.

o Current density of 370 mAcm 2 with an applied voltage of 1.3V in PCEC mode.
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The present work describes a doping strategy to improve the electrochemical performance of BaCe(Zr)Os-based
reversible protonic ceramic electrochemical cells (RePCECs). BaCeg 7Zr¢.1Y0.2.xXSmx03.5 (0 < x < 0.2) synthesized
by a solid-state reactive sintering method. Enhanced sintering with Sm-doping is observed with a significant
increase of grain size as compared to un-doped samples. The improvement of the proton conductivity by proper

Sm-doping is also achieved. This work fabricates and tests an electrochemical cell with a 25 pm thick electrolyte
in both protonic ceramic fuel cell (PCFC) and protonic ceramic electrolysis cell (PCEC) operation modes. At the
intermediate temperature of 600 °C, a maximum power density of 410 mWcm ™2 is observed in PCFC mode under
Air/H, gradient, while a current density of 370 mAcm 2 is obtained with an applied voltage of 1.3V in PCEC
mode using 12 vol% H,0 humidified air as feed gas and 5% H; as sweep gas.

1. Introduction

A reversible protonic ceramic electrochemical cell (RePCEC) is a
ceramic energy device that can operate both in fuel cell and electrolysis
modes, using proton-conducting ceramic as an electrolyte. Compared to
other reversible electrochemical cells, such as low-temperature proton
exchange membrane fuel cells (PEMFCs), high-temperature solid oxide
fuel cells (HT-SOFCs) and high-temperature solid oxide electrolysis cells
(HT-SOFCs), RePCECs can provide several unique advantages including
the production of pure dry hydrogen [1-5], higher efficiency [6], broad
fuel flexibility [1], long-term durability [6], and low-cost [7]. The cur-
rent state-of-the-art RePCEC electrolytes are BaCeO3 and BaZrO3-based
materials [8-13]. BaZrOs-based proton conductors possess relatively
low conductivity but exhibit exceptional stability to water and carbon
dioxide. In contrast, BaCeOs-based electrolytes exhibit higher proton
conductivity, which is closely correlated with doped trivalent elements.
Yttrium doped barium cerate and zirconate of BaCeg.7Zr(.1Y¢.203.5
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(BCZY) is a promising electrolyte which has both excellent chemical
stability and proton conductivity [14]. The replacement of cerium or
zirconium by a trivalent cation (i.e., Gd, Y, Sm) will introduce oxygen
vacancies into the perovskite structure resulting in enhanced proton
concentration in these materials. Good cell performance could be ob-
tained by choosing appropriate dopant and control the doping level.
Samarium is widely used a dopant in ceria-based materials to
improve ionic conductivity, and the critical dopant concentration to
achieve total conductivity was reported to be approximately 20 mol%
[15,16]. Iwahara [17] found that Sm-doped BaCeOj is a pure proton
conductor in hydrogen atmosphere below 700 °C. Gorbova et al. [18]
reported that the sintering ability as well as the grain size of
BaCe.gY(.203.5 can be improved by Sm-doping, which agrees with the
result reported by Shi et al. [11] It is generally recognized that the lower
distortion of the lattice cell and larger free volume favor the ionic con-
duction in perovskites [19]. According to the definition of Goldschmidt
tolerance factor (t) and free volume (Vp), replacement of 3+ (1.019 10\)
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by Sm®* (1.079 A) increases the lattice distortion while enlarging the
free volume. In addition, the relatively lower average metal-oxygen
bond energy of Sm-doped BCZY is favor of oxygen migration (Sm-O,
573 kJmol}, Y-0, 714.1 +10.2 kJmol ™). Hence, a proper doping level
of Sm is expected to balance the contradictory contribution and exhibit
improved conductivity and chemical stability.

Proton conducting ceramic electrolytes may contain large grain
boundary contributions, meaning that the conductivity of poly-
crystalline samples is generally significantly lower than the corre-
sponding bulk (grain interior) conductivity [20-23]. The properties of
the grain boundary are known to be strongly affected by the material
processing conditions, therefore both the microstructure as well as the
materials compositions require optimization. An additional potential
benefit of Sm doping is the ability for enhanced sintering of Sm doped
BaCeOgs-based proton conductor, leading to a larger grain size and
reduced interfacial contribution [11].

In the present study, the perovskite-type oxide solid solutions
BaCe(.7Zrp.1Y0.2.xSmx03.5 (with 0 <x<0.2) were synthesized using
solid state reactive sintering (SSRS) method. The effect of microstructure
and composition on the total conductivity (bulk conductivity and grain
boundary conductivity) was studied. Single cells with the optimized
electrolyte composition and microstructure were measured in both fuel
cell and electrolysis cell mode.

2. Experimental
2.1. Preparation of BCZYSm pellets

Proton conducting ceramic pellets of BaCeg.7Zrg.1Yp 2xSmyO3.5
(denote as BCZYSm, x =0.0, 0.05, 0.07, 0.09, 0.10, 0.11, 0.13, 0.15,
0.20) were synthesized by the SSRS method [24,25] from cost-effective
raw materials of BaCO3 (Alfa Aesar, 99.8%), CeO, (Alfa Aesar, 99.9%),
ZrO, (Alfa Aesar, 99.7%), Y203 (Alfa Aesar, 99.9%), Sm,03 (Alfa Aesar,
99.9%) and NiO (Baker Analyzed Reagent, 99.0%). Stoichiometric
amounts of BaCOs, ZrO, CeOy, Y203 and SmpO3 were weighted and
added into a Nalgene bottle. 1.0 wt% sintering aid of NiO (based on the
total weight of precursor mixer) was added into the above powder
mixture. The resulted precursor slurry was ball milled with ethanol
(Carolina, 95%) solvent and 12.5mm diameter spherical alumina
grinding media (Inframat Advanced Materials) for 24 h, then dried at
80 °C for 48 h. Pellets with a diameter of 15 mm was then fabricated by
uniaxial pressing under 300 MPa pressure for a dwell of 2 min, followed
by sintering at 1400 °C for 18 h in ambient air.

2.2. Preparation of single cell component precursors

The precursor of the Hy electrode with a nominal composition of 40
wt% BCZYSm +60 wt% NiO was prepared by mixing proper amounts of
BaCOgs, ZrO;, CeO2, Y203, Smy03 and NiO according to the desired
stoichiometry and 25wt% (based on total weight of oxides and car-
bonates raw materials) starch as pore former. The precursor of the
BaCey.6Zr¢.3Y0.103.5 (BCZY63) O electrode scaffold was prepared by
mixing proper amounts of BaCO3, ZrO,, CeO5 and Y03 according to the
desired stoichiometry with 0.025 wt% Fe,Os as a sintering aid and 45 wt
% starch as pore-former. This precursor powder was ball-milled in
ethanol with 3 mm YSZ beads for 24 h, followed by drying at 90 °C for
24 h. The precursor of BCZYSm electrolyte was prepared followed the
same procedure described in section 2.1. The electrolyte and O, elec-
trode scaffold were prepared by mixing the respective precursor pow-
ders with dispersant (20 wt% solsperse 28000 dissolved in terpinol) and
binder (5wt% V-006 (Heraeus) dissolved in terpinol), with a ratio of
15:3:1.

The precursor solution of the BaCog.4Feg.4Zrg.1Y0.103.5 (BCFZY0.1)
active O electrode nanoparticles was prepared as following procedure.
Stoichiometric amounts of Ba(NOs), (Alfa Aesar, 99+%), Co
(NO3)2:6Ho0 (Alfa Aesar, >98.0%), Fe(NO3)3-9H;0O (Alfa Aesar,
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Fig. 1. SEM images of BaCe(.7Zr(.1Y0.2.xXSmx03.5 (denote as BCZYSm, x = 0.0,
0.05, 010, 0.15, 0.20) with NiO as sintering aid sintered at 1400 °C for 18 h.

>98.0%), ZrO(NOs)y solution (Sigma-Aldrich, >99%) and Y
(NO3)3-6H50 (Alfa Aesar, 99.9%) were dissolved in distilled water in
correct molar ratios, then mixing with citric acid (Sigma-Aldrich,
>99.5%) to produce a solution with a citric acid/metal-ion ratio of
1.5:1.

2.3. Fabrication of single cells

The H; electrode precursor powder was dry-pressed under 350 Mpa
for 2 min in a circular die set with a diameter of 19 mm to produce green
Hy electrode pellets. Then a thin electrolyte precursor paste layer
(20-30 pm after firing) was deposited on both sides of the green H,
electrode precursor pellets using screen-printing. Then the O, electrode
scaffold precursor paste layer was subsequently coated on top of one of
the electrolyte layers. The overall structure was heated to 1400 °C for
18 h followed by removal of the extra electrolyte by a grinding step. The
BCFZY0.1 solution was infiltrated into the pores of the Oy electrode
scaffold structure using a microliter to control the loading amount. The
infiltrated cells were fired at 400 °C for 1 h. This procedure was repeated
until the desired weight loading of BCFZY0.1 was achieved. Finally, the
single cells were heated in air to 900 °C for 5h to produce the nano
crystalline perovskite structure of BCFZYO0.1.

2.4. Characterization

The crystal structure of the BCZYSm samples was examined using X-
ray diffraction (XRD, Rigaku TTR-III diffractometer) with Cu Ka radia-
tion source. The XRD patterns were obtained in the range of 20°-80°
with a 0.02° step size and a scan speed of 0.5°min"'. The microstructure
of dense pellets and single cells were examined using scanning electron
microscopy (SEM, Hitachi S-4800). The density of the samples was
measured using Archimedes method.

The as-fabricated single cells were sealed in an aluminum tube by
ceramic bond, using silver wires as the voltage and current leads on both
sides. The electrochemical performance of single cells in fuel cell mode
was evaluated by using the humidified hydrogen (3 vol% Hy0) as the
fuel and the ambient air as oxidant. The electrolysis cell mode was then
evaluated with humidified air (12% H,0) [26] steam fed in the air
electrode and humidified hydrogen (3 vol% H0) fed into the hydrogen
electrode. The flow rates of fuel and oxidant were set to be 50 and
150 ml/min, respectively.
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Fig. 2. (a) Electrical conductivities of BaCeg.7Zr0.1Y0.2.xXSmx03.5 (x = 0, 0.05, 0.10, 0.15, 0.20) as measured at 400-700 °C in wet 5% H, (with ~3 vol % H30), and (b)
Arrhenius plot of BCZYSm10 in various environments at temperature range 400-700 °C.

3. Results and discussion
3.1. Microstructure of BCZYSm electrolyte pellets

The scanning electron microscopy (SEM) micrographs of fractured
cross section of as-sintered BCZYSm pellets are presented in Fig. 1. The
cross sections of all the BCZYSm pellets appear dense with negligible
amount of pores. The fractured locations for all the samples are along the
grain boundaries. The grain sizes obtained here for BCZYSm with
x=0.0, 0.05, 0.15 and 0.20 are similar to those reported in the literature
for typical yttrium-doped barium cerate [27]. A much larger grain size
was observed for the pellet with 10% Sm dopant. The X-ray diffraction
patterns of the as-prepared BCZYSm pellets are displayed in Fig. S1. The
patterns reveal that the diffraction peaks obtained for each sample can

be indexed on the basis of an orthorhombic perovskite structure (space
group Pmnb). A slight peak shift to the lower-angle region indicated the
lattice expansion with Sm doping. A further XRD refinement (Fig. S2)
shows that an increase of lattice parameter a and ¢ with increase of Sm
doping level, while b axis keeps constant (Fig. S3).

3.2. Electrical conductivity of BCZYSm electrolyte pellets

Fig. 2a reveals the Arrhenius plot of the electrical conductivity of
BaCeg.7Zrp.1Y0.2.xSmx03.5 in wet 5% Ha. The conductivity first increased
Sm content until x=0.10, with a total conductivity of 7.94 x 1073
Sem ™! for BaCeg.7Zrg.1Y0.1Smo,103.5 at 600°C. At higher Sm content
levels, the total conductivity started to decrease. The total conductivity
varied with x according to the following sequence: 0.10 >0.05 >

Fig. 3. (@) A cross-sectional view of a cell with configuration of Ni-BCZYSm10| BCZYSm10 |BCZY63-BCFZYO.1, (b) enlarged view of electrolyte, (c) microstructure of
anode after reducing under 5% Hj at 600 °C for 24 h (inset is the enlarged view of anode particles), and (d) SEM BSE image of reduced anode (bright and dark phases

correspond to Ni and BCZYSm10, respectively).
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Fig. 4. (@) I-V curves and corresponding power densities of 40 wt%
BCZYSm10 + 60 wt% NiO | BCZYSm10 | BCZY63 + BCFZYO0.1 cell at 400-600
°C under PCFC working mode under Hy/air atmosphere, and electrolysis per-
formance measured under 12 vol% H,O humidified air/wet H; (cathode area:
0.38 cmz), (b) Impedance spectra of single cell in the temperature range at
550°C and 600 °C (raw impedance data was multiplied by the fuel cell effec-
tive area).

0.15 > 0.00 > 0.20. The enhanced impact of Sm-doping on the electrical
conductivity of BaCeOs-based materials was also reported by Amisf et al.
[28]. More specific Sm concentration shown in Fig. S5 manifests that
BaCe.7Zrp.1Y0.1Smp 103.5 has a highest conductivity in wet Hy. The
typical impedance spectrum of BaCe(.7Zrp.1Y(2xSmxO35 (x=0.07,
0.09, 0.10, 0.11) samples were fitted according to the equivalent circuit
(Fig. S6a). It is conspicuous that the grain boundary conductivity is
lower than the bulk conductivity by more than one order of magnitude
(Fig. S6b). Both the bulk conductivity (cp) and grain boundary con-
ductivity (ogp) increased with Sm content, reaching a maximum at
x = 0.10 followed by a subsequent decrease at higher Sm doping levels.
The increased op with Sm content up to x =0.10 was ascribed to the
increasing grain size (Fig. S4) [29].

Fig. 2b shows the electrical conductivities of BCZYSm10 in four
different atmospheres. BCZYSm10 may possess protonic, oxygen-ionic
and mixed ionic and electronic transport properties, depending on the
temperature and atmospheres [30]. Oxygen vacancies can be created by
acceptor doing (Equation (1)). Meanwhile, the p-type electronic con-
ductivity also appears when oxygen molecules are incorporated into the
lattice (Equation (2)).
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In dry air, BCZYSm10 exhibit the mixed electronic and oxygen ionic
conductivity. The introduction of water vapor provides a new proton
incorporation path because water molecules can react with oxygen va-
cancy or lattice oxygen (Equation (3)), through which protonic defects
can be generated. An enhanced conductivity and decreased activation
energy in wet air can be observed as compared to dry air. In wet oxygen,
the conductivity is further increased due to the partial pressure depen-
dence of the total conductivity as expressed by: otor =a + bp})/2 4 [31].
BCZYSm10 exhibits the highest conductivity and lowest activation en-
ergy under wet Hy atmosphere, because the transport properties are
predominated by proton conduction which is enhanced in wet atmo-
spheres. Studies on perovskite-type proton conductors showed that
contribution of protons to total conductivity decreased as the decrease in
proton transport numbers were observed at high temperatures [32,33].

3.3. Performance of RePCEC single cells based on BCZYSm10 electrolyte

In order to further evaluate the electrochemical performance as an
electrolyte material, a single cell with thin BCZYSm10 electrolyte was
prepared and tested. The SEM image of the cross-sectional morphology
of the single cell is shown in Fig. 3. The fully dense electrolyte layer is
approximately 25 pm in thickness (Fig. 3b), free of cracks and exhibiting
good adhesion to both of the electrode materials .

The electrochemical cell with BCZYSm10 electrolyte has been tested
in the reversible proton conducting fuel cell mode of operation (Fig. 4).
The I-V curves in the protonic ceramic fuel cell (PCFC) mode were ob-
tained down to 0.5V, which is sufficient to reach the maximum power
density of the cell (Ppax) at each temperature. The P,y value reaches
410 mWem ™2 at 600°C and exemplary impedance spectroscopy plots
are shown in Fig. S7. The enhancement of output characteristic can be
realized through the optimization of electrode microstructures and
electrolyte thin film development. The IV curves in the protonic ceramic
electrolysis cell (PCEC) mode of operation were obtained, with 12 vol%
H,0 humidified air as feed gas and wet H; as sweep gas. The cell was
also able to produce current density of 370 mAcm 2 with an applied
voltage of 1.3 V at 600 °C. Table 1 summarizes the performance of other
reversible proton conducting electrolysis cells in the literature. The
performance of the electrolysis cell in this work is lower than the best
reported current density due to the different overpotential as well as
water vapor pressure in the fed side. The developed cell operating in the
PCEC mode possesses encouraging performance in comparison with
most of the previously studied systems. It is worth mention that the
electrolysis performance can be further enhanced by increasing the
water content in the feed stream.

(Y, Sm),0 202010 5y Sm)., 4 Vi+30; (1) 4. Conclusions
0, +2Vy - 20§ + 4h° (2) In this work, the dopant effects of the electrical conductivity of
BaCeg.7Zrp.1Y0.2.xXSmx03.5 proton conductors was studied. Sm-doping
H,0+ Vg + 305 — 20Hg 3) was shown to effectively promote the growth of grains and enhance
the electrolyte density. The conductivity variation of BaCeg.7Zro.1Y0.2-
H, +2h° 4+ 205 — 20Hg, 4 xSmyO3_5 polycrystalline was determined by proton mobility and grain/
grain boundary conductivity. At 600°C, BaCeq.7Zrp.1Y0.1Smo.103.5
Table 1
Summary of the electrolyte, thickness of the electrolyte, cathode materials, and current density for recent RePCESs.
Electrolyte material and thickness Cathode Condition (cathode/anode)  Applied voltage Current density Ref.
(um) (overvoltage) (V) (mAcm~?)
BaCeg.5Zr¢ 3Dy 203.5 (25 pm) BaCey.5Zr0.3Dy0.203-5 Wet (3%) air/wet (3%) Ho 1.3 (0.4) 178.7 at 600 °C [34]
BaZry.9Y(.103.5 (15 pm) Lag.6Sro.4C0g.2Fe(.803. Wet (3%) air/4% H, in Ar 1.32(0.46) 55at 600°C [6]
5BaZro gY0.203.5
BaCeg.7Zro.1Y0.1Ybo 103.5 (20 pm) BCFZY0.1 85% H,0 humidified air/Ar 1.3 (0.5) 1150 at 600 °C [71
BaCeg.5Z1¢.3Y0.203.5 (20 pm) SSC-BZCYY 50% H,0 humidified air 1.5 (0.53) 330at 600°C [35]
SrZr.5Ce.4Y0.102.05 (12 pm) Bag.sLap.sCo03.5 80% H,0 and 1% O, 1.63 (0.88) 500 at 600 °C [36]
BaCeg.7Zro.1Y0.1Smp 1035 BZCY63-BCFZY0.1 12% H,0 humidified air/ 1.3 (0.3) 370 at 600°C This
5% Hy work
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possesses largest grain size and exhibited a total conductivity of
7.94x 1073 Sem™! at 600°C, and BaCe.7Zro.1Y0.1Smp.103.5 based
electrolysis cell was also able to produce current density of 370 mAcm 2
with an applied voltage of 1.3V. This work demonstrated that
BaCeq.7Zr.1Y0.1Smg 103.5 could be utilized as suitable candidates of
electrolyte in RePCECs.
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