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Redesigning protonic ceramic electrochemical cells to

lower the operating temperature
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Protonic ceramic electrochemical cells (PCECs) can operate at intermediate temperatures (450° to 600°C) for power
generation and hydrogen production. However, the operating temperature is still too high to revolutionize ce-
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ramic electrochemical cell technology. Lowering the operating temperature to <450°C will enable a wider material
choice and reduce system costs. We present approaches to redesigning PCECs via readily fabricated single-grain-
thick, chemically homogeneous, and robust electrolytes and a nano-micro positive electrode. At 450°C, the PCECs
achieve a peak power density of 1.6 watt per square centimeter on H; fuel, 0.5 watt per square centimeter on NH3
fuel, and 0.3 watt per square centimeter on CH, fuel in fuel cell mode. In steam electrolysis mode, a current density
of >0.6 ampere per square centimeter with a Faradaic efficiency of >90% is achievable at 1.4 volt and 400°C. In ad-
dition, exceptional durability (>2000 hours) has been demonstrated, with a degradation rate of <0.01 millivolt per

100 hours in fuel cell mode at 400°C.

INTRODUCTION
Ceramic electrochemical cells are uniquely capable of generating
power using a wide range of fuels, including hydrogen, hydrocarbons,
and ammonia, and producing green hydrogen (H,) via steam elec-
trolysis, with higher energy efficiencies than low-temperature water
electrolysis technologies (1-8). The main issue of ceramic electro-
chemical cells for scaled energy conversion originates from the high
operating temperature, which leads to limited material choices for
interconnects and sealants, expensive balance of plants (BOPs), slow
start-up and shutdown cycles, and high degradation rates, inevitably
limiting their scale-up and commercialization (9). Lowering the tem-
perature to 300° to 450°C can transform the architecture and opera-
tion of ceramic electrochemical cells (Fig. 1). For example, when the
temperature is reduced to even below 350°C, inexpensive stainless steel
interconnects, polymeric sealants, and ready-made BOPs can be used,
while the thermal cycling stability, system reliability, and applicability
in the portable power and transportation markets and distributed
chemical manufacturing industries can be enhanced (10). In addition,
lower operating temperatures in steam electrolysis mode enable inte-
gration with a broader range of waste heat sources, which can reduce
the electrical energy consumption required for hydrogen production.
There has been great progress in lowering the operating tempera-
ture of ceramic electrochemical cells. Fabrication of ultrathin elec-
trolytes and engineering of the electrodes enable lowering of the
oxygen-ion solid oxide electrochemical cell (O-SOEC) operating
temperature to 500°C (11). However, because of the high activation
energy of oxygen-ion conduction, the performance of O-SOECs is
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poor at <500°C. Therefore, over the past decade, protonic ceramic
electrochemical cells (PCECs) have been revived, aiming to effi-
ciently generate power and produce clean H; at <500°C. The most
recent report on the acid etching process presented successful re-
duction of the contact resistance between the electrolyte and posi-
tive electrode to enhance the PCEC performance at 450° to 600°C
(12), with a fuel cell peak power density of 0.65 W cm™> demon-
strated at 450°C on H,-O; (Fig. 2A). Despite these remarkable achieve-
ments, the PCEC performance at <450°C is still far below the
performance that can be routinely attained at 600°C.

The target is to develop ultrahigh-power low-temperature PCECs
(UHP LT-PCECs) that operate at 300° to 450°C and can achieve perfor-
mance comparable to that of intermediate-temperature PCECs (500° to
600°C) and O-SOECs. Duan et al. (13) predicted the target PCEC fuel
cell performance according to the intrinsic conductivity of state-of-the-
art proton-conducting electrolytes, suggesting that exceptional perfor-
mance is feasible at 300° to 400°C and that fuel cell power densities
>2.0 W cm ™ could be reached (fig. S1). Although advanced electrolyte
fabrication approaches and extensive triple-conducting positive elec-
trodes have been demonstrated (11, 14-19), the predicted PCEC
performance has not yet been fully realized, which is still ascribed to
the high ohmic resistance and positive electrode polarization resis-
tance. Figure S2 shows that the area-specific electrode polarization
resistance (ASRp) dominates the total resistance at <450°C. There are
few PCECs that can operate at <450°C, highlighting the challenges of
lowering the operating temperatures of PCECs. These results suggest
that both the electrolyte and positive electrode should be redesigned to
lower the PCEC operating temperature.

RESULTS

Redesigned PCECs achieving unprecedented fuel cell and
steam electrolysis performance at <450°C

Here, we tailored the electrolyte-negative electrode pair and devel-
oped a nano-micro positive electrode to redesign and construct
UHP LT-PCECs. First, without using complicated and expensive
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Fig. 1. Motivation for lowering the operating temperature of PCECs to <450°C. Solid symbols, PCEC electrolysis energy efficiencies (EEE) as a function of operating
temperature at a H, production rate of 0.03 to 0.05 ml cm™2s~". Open symbols, PCEC fuel cell peak power densities as a function of operating temperatures. The green
square open symbols present the PCEC fuel cell performance demonstrated in this work (cell 1). The blue round solid symbols present the PCEC EEE demonstrated in this
work (cell 2). The blue square open symbols show one of the state-of-the-art PCECs (12). The red square open symbols correspond to the PCECs previously designed by
Duan etal. (13). The rest of the solid symbols display the literature results regarding PCEC EEE (table S1) (12, 30, 32, 33, 51-55).
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Fig. 2. Comparison of UHP LT-PCECs and other PCECs. (A) Comparison of fuel cell peak power densities with literature results. This work (H,|O5, cell 1); this work (H,|Air,
cell 3); Ding (H,]|O,) (12); Liu (H,|Air) (20); Lee (H|Air) (22); Haile (H,|Air) (PLD) (27); Duan (H,|Air) (13); Park (H,|Air) (39); Shim (H,|Air) (16); Shao (Hy|Air) (34); Lee (H,|Air) (14).
(B) Comparison of ASRo in PCEC fuel cell mode with literature results. (C) Comparison of ASRp in PCEC fuel cell mode with literature results. (D) PCEC electrolysis energy
efficiency as a function of H, production rate at 400° to 700°C. Comparison of this work (cell 2) with literature results (table S1). Some PCECs achieve an electrolysis energy
efficiency of >100% as free waste heat can be used for hydrogen production during the endothermic operation.
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fabrication processes, an optimized pairing of the Ba-rich negative
electrode (BaCe 7Zr(1Y,1 Ybg103.5+ NiO) and electrolyte (BaCeq 4Zr( 4
Y0.1Ybg.103.5) minimizes the Ba deficiency in electrolyte layer, which
improves the electrolyte densification, increases its grain size, and
readily produces single-grain-thick and chemically homogeneous
electrolytes, consequently reducing the ohmic area-specific resis-
tance (ASRo) to 0.08 ohm-cm? on H, fuel at 450°C (versus, e.g.,02to
0.6 ohm-cm? at 450°C for previous PCECs; Fig. 2B). Second, the nano-
micro positive electrode (BaCog 4Fep 4219 1Y0103.5 + BaCepaZro 1Yo
Yby103.5) decreases the coefficient of thermal expansion (CTE),
leads to microparticles reinforced composite electrode, and enhanc-
es the positive electrode-electrolyte interfacial bonding, further re-
ducing ASRo. Moreover, the nano-micro positive electrode creates
well-connected proton conduction channels, thereby improving the
electrocatalytic activity (Fig. 2C) and achieving an unprecedented-
ly low ASRp.

This set of approaches leads to exceptional hydrogen fuel cell
performance at 300° to 450°C with peak power densities of 0.2 to
1.6 W cm™? (Fig. 2A) and stable steam electrolysis performance with
both high electrolysis energy efficiency and high H, production rate
at 400°C (Fig. 2D), which outperform the literature results (I, 2, 12-
16, 20-23). Figures 1 and 2D shows that the UHP LT-PCECs achieve
an electrolysis energy efficiency and a H, production rate compara-
ble to or even higher than those of previous PCECs that operate at
500° to 700°C. At 400°C, the PCECs achieve a high Faradaic effi-
ciency of >90% at a current density of 0.6 A cm™2, Furthermore, re-
ducing the temperature does not sacrifice the fuel flexibility of these
ceramic fuel cells. We demonstrate that the PCECs can directly use
ammonia and methane for power generation at <450°C with excel-
lent performance. The appropriate electrolyte-negative electrode
pair creates chemically homogeneous electrolyte, which enhances
the electrolyte robustness under harsh conditions, enabling long-
term durable operation on ammonia fuel without the use of any ad-
ditional catalysts. The UHP LT-PCECs also demonstrate long-term
(>2000 hours) durability in steam electrolysis mode at 400°C, which
highlights the promise of PCECs for H, production at 400°C.

Readily fabricated single-grain-thick, chemically
homogeneous, and low-resistant electrolyte
BaCe4Zr4Y(.1Ybo103.5 (BCZYYb4411) and BaCe7Zry,1 Y.1Ybo.1O03-5
(BCZYYDb7111) have been designed to enhance the intrinsic proton
conductivity (21, 24). Nevertheless, PCECs that use either BCZYYb4411
or BCZYYb7111 achieve highly disparate conductivities (fig. S3).
These variations could be attributed to the different intrinsic electrolyte
conductivity, contact resistance, and ohmic resistance of the electrodes.
As shown in Fig. 3 (A to D), we recognize that the pairing of the same
electrolyte and different negative electrodes can affect the microstruc-
ture, chemical composition, and conductivity of the electrolyte; thus,
modulating the electrolyte-negative electrode pair is critical, which is
typically ignored during the PCEC design and fabrication processes (25).
We studied the pairing of the same electrolyte (BCZYYb4411) with
negative electrodes fabricated via two approaches. Solid-state reactive
sintering (SSRS) was pioneered to lower the PCEC sintering tempera-
ture (13, 26). Although high performance has been obtained, further
improvement is hampered by the relatively low electrolyte conductivity.
When the BCZYYb4411 electrolyte is paired with the BCZYYb71114+NiO
negative electrode processed via SSRS (electrolyte 2, Supplementary
Methods; Fig. 3B and fig. $4), the electrolyte is multiple-grains thick (fig.
S5), leading to high grain boundary resistance and ASRo. Alternatively,
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the same electrolyte paired with a BCZYYb71114+NiO negative elec-
trode fabricated via the solid-state sintering (SSS) process exhibits the
desired single-grain-thick structure (electrolyte 1; Fig. 3A), which re-
duces the grain boundary resistance. Moreover, the BCZYYb4411 elec-
trolyte paired with a BCZYYb71114NiO (SSS) negative electrode has a
2.0-fold increase in the grain size over the same electrolyte coated on a
BCZYYb7111+NiO (SSRS) negative electrode (Fig. 3, C and D).

Figures S6 and S7 show energy-dispersive x-ray spectroscopy
(EDS) results used to determine the chemical composition of the
electrolytes. As shown in Fig. 3 (C and D), fig. S8, and tables S2 and
S3, electrolyte 1 was found to contain 49.4 atomic % (at. %) Ba,
which is close to the theoretical concentration (49.0 at. %) of Ba.
However, electrolyte 2 contains a lower Ba concentration (46.9 at. %),
leading to a relatively high Ba deficiency (2.1%). Therefore, using
the BCZYYb7111+NiO (SSS) negative electrode can help achieve a
stoichiometric electrolyte with minimized Ba deficiency, which is
essential for electrolyte densification and grain growth (14).

The ASRo measurements at 500°C, as shown in fig. S9, indicate
that the BCZYYb7111+4+NiO (SSS) negative electrode enables a
decrease in the ASRq from 0.25 to 0.09 ohm-cm?* compared to the
BCZYYb7111+NiO (SSRS) negative electrode. In addition, the activa-
tion energy is reduced, which is beneficial for lowering the PCEC oper-
ating temperature. The enhanced property is mainly due to a smaller
grain boundary area, a larger grain size, a lower porosity, and less Ba
deficiency (Fig. 3, A and C). Therefore, the BCZYYb4411 electrolyte-
BCZYYb7111+NiO (SSS) negative electrode can provide better PCEC
performance. Various PCECs with this favorable paring were character-
ized to demonstrate the reproducibility (fig. S10). A single-grain-thick
electrolyte with a thickness of ~5 pm can be readily processed via this
multilayer co-sintering process. All PCECs fabricated with this electro-
lyte exhibit high reliability and reproducibility (table S4). Therefore,
these PCECs are scalable and low cost for large-scale production.
Hydrogen pumping experiments were conducted to demonstrate that
this single-grain-thick electrolyte does not exhibit n type electronic or
mechanical leakage (fig. S11).

Transmission electron microscopy (TEM) images also show that
the electrolyte paired with a BCZYYb71114+NiO (SSS) negative
electrode displays the single-grain-thick structure (Fig. 3E). EDS
images (figs. S12 and S13) show the cation distributions and chemi-
cal compositions of electrolyte 1 and electrolyte 2, which indicate
that all constituent cations are uniformly distributed throughout the
electrolytes, suggesting no notable elemental depletion or segrega-
tion on the micron scale. In contrast, high-magnification high-angle
annular dark field (HAADF) imaging and EDS mapping of the grain
boundaries in electrolytes 1 and 2 reveal noticeable differences (Fig.
3, F and G). The EDS thermal color palette images of all cations in
electrolyte 2 across the grain boundary show that Yb segregation
occurs at the grain boundary (Fig. 3G). As illustrated in Fig. 3H, we
hypothesize that the Yb segregation could be attributed to the Ba
deficiency (14). The BCZYYb7111+NiO (SSRS) negative electrode
leads to electrolyte 2 with a high Ba deficiency, driving the Yb segre-
gation along the grain boundary. As the Yb concentration is 10 mol
% while the Ba concentration is 10 times that of Yb, a minor Ba de-
pletion can lead to significant Yb segregation along the grain bound-
ary. Yb doping is critical for the high proton conductivity and
stability of BCZYYb (24). In addition, Yb segregation could also
lead to a positively charged grain boundary core, causing the proton
depletion at the grain boundary, which reduces the electrolyte con-
ductivity (27-29). Considering that electrolyte 1 exhibits a smaller

30f16

G20z ‘9T Afenuer uo uopuoabs|joD euedw | e 6io8ous1os mmmy/sdiy Wwoly papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

lectrolyte 1

ingle-grain thick

BCZYYb4411

“ =1eclrc
‘)‘
l“l"‘ 'BCZYYb4411

_ Electrolyte 2]
Average d =4.2 |.|m
Ba: 46.9 at. % |

“ Electrolyte 1%
Average d=8.2 pm
1 Ba 494at %

Single-grain
thick
electrolyte ,'

o

Positive
GB potential

Ba .
vaporization
Yb? <~ Yb*

Proton

Ba Ba

Fig. 3. Redesigned electrolyte-negative electrode pair to readily fabricate single-grain-thick and chemically homogeneous electrolyte. (A) Pairing the BC-
ZYYb4411 electrolyte and a BCZYYb7111+NiO (SSS) negative electrode leads to a thin, large-grain, and single-grain-thick electrolyte via the simple cosintering process
(electrolyte 1). These thick green arrows show the proton conduction with low resistance; thus, electrolyte 1 has high proton conductivity. (B) Pairing the BCZYYb4411
electrolyte and a BCZYYb7111+NiO (SSRS) negative electrode produces a thin, small-grain, and multiple-grains-thick electrolyte (electrolyte 2). These green arrows show
the proton conduction with resistance at the grain boundaries; thus, electrolyte 2 has lower proton conductivity than electrolyte 1. (C) The SEM image of electrolyte 1
surface, average grain size, and Ba concentration. The Ba concentration was determined using the EDS results shown in fig. S6 and table S2 (cell 4). (D) The SEM image of
electrolyte 2 surface, average grain size, and Ba concentration. The Ba concentration was determined using the EDS results shown in fig. S7 and table S3 (cell 5). (E) HAADF-
STEM image of PCEC with electrolyte 1, which shows the single-grain thick electrolyte (cell 6). (F) HAADF image of the grain boundary in electrolyte 1 and the correspond-
ing EDS mapping of Ba, Ce, Zr, Y, Yb, and O (cell 6). (G) HAADF image of the grain boundary in electrolyte 2 (cell 7) and the corresponding EDS mapping of Ba, Ce, Zr,Y, Yb,
and O (cell 7). The scale bars in (F) and (G) show concentration of elements, where the black indicates the lowest concentration while red displays the highest concentra-
tion. Not all the elements are on the same scale. (H) Proposed mechanism of Ba deficiency and Yb segregation and their impacts on proton conductivity.
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grain boundary area and a more uniform cation distribution than elec-
trolyte 2, pairing the BCZYYb4411 electrolyte with a BCZYYb7111+NiO
(SSS) negative electrode can construct PCECs with minimized ASRq,

The impact of negative electrodes on electrolyte
microstructure and chemical composition

The densification and grain growth of electrolytes can also be affected
by PCEC shrinkage. However, these two kinds of PCECs show opposite
trends of the shrinkage rate; thus, the discrepancy in electrolyte proper-
ties is not due to the shrinkage (table S5). As Fig. 3 (C and D) shows that
electrolyte 1 and electrolyte 2 have different Ba concentrations, we hy-
pothesize that the distinct electrolyte properties are ascribed to ele-
mental diffusion across the electrolyte-negative electrode interface. To
validate this hypothesis, electrolyte sintering experiments and com-
prehensive characterizations were conducted by sintering the same
BCZYYb4411 dry-pressed pellets (1 mm thick) on setters made of two
different negative electrode materials and alumina (Fig. 4; experimental
details are provided in Materials and Methods), eliminating the impacts
of negative electrode shrinkage on the electrolyte sintering. These tests
showed consistent results with the PCEC half cells (fig. S14 and Fig. 3, A
to D). Pairing BCZYYb4411 with a BCZYYb71114+NiO (SSS) negative
electrode leads to the lowest porosity and largest grain size. Figure 4
(A to C) also shows the grain size gradient across the electrolyte mem-
brane. Larger grains and a higher density are observed at the side con-
tacting the negative electrode setters (Fig. 4A). Using the alumina as the
setter (Fig. 4C), BCZYYDb4411 shows a porous microstructure with very
small grains. These results indicate that electrolyte densification and
grain growth hinge on elemental diffusion at the electrolyte-negative
electrode interface.

The scanning electron microscope (SEM)-EDS results in Fig. 4 (D
to F) and figs. S15 to S20, and tables S6 to S11 indicate that using nega-
tive electrode substrates as setters can help to maintain Ba stoichiometry
in the electrolyte, which is crucial for producing dense, large-grain,
chemically uniform, and highly conductive electrolytes (14). Figure 4D
shows that pellet 1 has an average Ba concentration of 48.6 at. % on the
contact side, close to the theoretical value (49.0 at. %) and the Ba concen-
tration in PCEC electrolyte (electrolyte 1; Fig. 3C). In addition, the con-
tact side of pellet 2 has a Ba concentration of 44.8 at. % (Fig. 4E), which
is also close to the Ba concentration in PCEC electrolyte (electrolyte 2;
Fig. 3D). In contrast, pellet 3 sintered on an alumina setter has alower Ba
concentration (44.0 at. %; Fig. 4F). This confirms that negative elec-
trodes can act as Ba reservoirs, supplying Ba to the electrolyte layer and
mitigating Ba deficiency resulting from inevitable Ba vaporization dur-
ing sintering (Fig. 4, A to C). Figure 4D also shows that Ba diffuses from
the negative electrode substrate to the electrolyte layers, as evidenced by
the Ba concentration gradient across pellet 1, which shows that the con-
tact side has a higher Ba concentration than the top side.

Further analyses show that the fully crystallized BCZYYb7111+
NiO (SSS) negative electrode (Ba: 49.8 at. %) has a higher available Ba
content than the BCZYYb7111+NiO (SSRS) negative electrode
(Ba: 48.1 at. %; figs. S21 and S22 and tables S12 and S13). Using the
BCZYYb7111+NiO (SSS) negative electrode provides more Ba to the
electrolyte, promoting grain growth and reducing Ba deficiency, result-
ing in improved chemical homogeneity and proton conductivity
(Fig. 3A). However, the BCZYYb71114+NiO (SSRS) cannot provide a
positive net amount of Ba, leading to a lower Ba concentration at the
contact side and negligible Ba concentration gradient (Fig. 4E). In con-
trast, the alumina setter acts as a strong Ba absorber, which reduces
the Ba concentration at the contact side, resulting in an opposite Ba

Liu et al., Sci. Adv. 11, eadq2507 (2025) 10 January 2025

concentration gradient compared to pellet 1 (Fig. 4F). Caution is
warranted regarding the employment of alumina setter for high-
temperature sintering (>1450°C) in PCEC manufacturing. The
ceramic phase (BCZYYb7111) in BCZYYb71114+NiO (SSS) negative
electrodes were pre-sintered and fully crystallized during a fast-heating
step (10°C/min), which allows to better trap Ba in the lattice and
prevent significant Ba loss before electrolyte densification (fig. $23).
This fast-heating pre-sintering step establishes the SSS negative elec-
trode as a Ba reservoir, directly supplying Ba to the electrolyte during
the high-temperature co-sintering process. This continuous Ba source
from the negative electrode helps maintain electrolyte stoichiometry,
resulting in large grain size, low grain boundary area, chemically homo-
geneous grain boundary, and improved proton conductivity. In con-
trast, the SSRS negative electrode, not subjected to pre-crystallization,
undergoes simultaneous crystallization and densification with the elec-
trolyte during the high-temperature processes (fig. S23). The Ba tends
to vaporize at temperatures that are lower than the electrolyte densifica-
tion temperature. In addition, the co-sintering process is a slow heating
process (e.g., 1° to 2°C/min). Therefore, significant Ba can vaporize
from the negative electrode before electrolyte densification. SSRS
negative electrode will not effectively serve as the Ba reservoir.

To summarize, the proposed SSS-processed negative electrode pres-
ents a straightforward and easily scalable method to improve the densi-
fication and proton conductivity of the electrolyte. The pre-crystallization
of BCZYYb7111 in the SSS negative electrode eliminates the need for
external Ba sources during the sintering process, making the entire pro-
cess more accessible, straightforward, and cost effective.

Improved electrochemical performance and positive
electrode-electrolyte interfacial bonding with nano-micro
positive electrode
The second major reason why PCECs perform poorly at 300° to 450°C
is the lack of a highly active positive electrode deliberately designed
for UHP LT-PCECs. The oxygen reduction reaction (ORR) and oxy-
gen evolution reaction (OER) are sluggish processes. Therefore, by re-
ducing the operating temperature, ASRp, i.e., the area-specific positive
electrode polarization resistance, tends to dominate the total resis-
tance (fig. S2). Positive electrodes, including BaCog 4Feo4Zr0.1Y0103.5
(BCFZY) (13, 30, 31), PrBao,5Sro,5C01,5Feo,505+5 (PBSCF) (21),
PrNip5Co0503.5 (PNC) (32), Ba;_xGdy sLag 2+xC0206-5 (BGLC) (33),
and Na,Ca3.,C0409_5 (18) have been demonstrated to achieve re-
markable PCEC performance at 500° to 600°C. However, their elec-
trocatalytic activity is still low at 300° to 450°C, necessitating the
design of alternative positive electrodes. The concept of a composite
electrode was thereby proposed. Although the enhanced performance
was validated at 500° to 600°C, its beneficial contribution to improv-
ing the PCEC performance at 300° to 450°C was insignificant (34, 35).
We developed a composite electrode composed of a nanosized
mixed ionic and electronic conductor (MIEC, BCFZY) and a micro-
sized proton conductor (BCZYYb4411), called the nano-micro positive
electrode (Fig. 5C and figs. S24 and S25). We also studied single-phase
nanosized BCFZY, denoted the nano positive electrode (Fig. 5A and
fig. S26). Alternatively, a composite of a nanosized MIEC (BCFZY) and
a nanosized proton conductor (BCZYYb4411) was also character-
ized in this work, named the nano-nano positive electrode (Fig. 5B
and fig. S27). The Brunauer-Emmett-Teller surface area of nano-
sized BCFZY, nanosized BCZYYb4411, and microsized BCZYYb4411
before and after sintering was listed in table S14. The performance
of PCECs equipped with these three kinds of positive electrodes
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Fig. 4. Impacts of negative electrode setters on the microstructure and chemical composition of the same BCZYYb4411 electrolyte pellets, which have a thick-
ness of 1 mm. Scale bar, 20 um. (A) Sintering the BCZYYb4411 dry-pressed pellet (pellet 1) on the BCZYYb7111+NiO (SSS) negative electrode setter. (cell 8) (B) Sintering
the BCZYYb4411 dry-pressed pellet (pellet 2) on the BCZYYb7111+NiO (SSRS) negative electrode setter. (cell 9) (C) Sintering the BCZYYb4411 dry-pressed pellet (pellet 3)
on the alumina setter. (cell 10). The SEM images of the electrolyte surface that contacts the setters show that the BCZYYb7111+NiO (SSS) negative electrode setter leads
to the largest grain size. In addition, using the alumina setter achieves the smallest grain size, indicating that the negative electrode can promote the electrolyte dentifica-
tion and grain growth. In this experiment, the dry-pressed pellets are placed on the setters, which are not constrained by the setters, ruling out the impact of the setter
shrinkage on electrolyte densification and grain growth. Furthermore, the cross-sectional SEM images clearly display that the contact side exhibits high density and large
grains, while the top side shows relatively small grains and low density, confirming that the electrolyte densification and grain growth hinge on the elemental diffusion.
(D) The Ba concentration of the contact side and top side of pellet 1. (E) The Ba concentration of the contact side and top side of pellet 2. (F) The Ba concentration of the
contact side and top side of pellet 3.
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Fig. 5. Redesigned nano-micro positive electrode simultaneously reducing ASRo and ASRp. The errors bars in these figures correspond to SDs from the averaging
across all measurements. (A) lllustration of the nano positive electrode, which is a nanosized BaCog 4Fe4Zro.1Y0.103-5 (BCFZY). (B) lllustration of the nano-nano positive
electrode, which is a composite of a nanosized BCFZY and a nanosized BaCeg 4Zrp4Y0.1Ybo 103.5 (BCZYYDb). (C) lllustration of the nano-micro positive electrode, which is a
composite of a nanosized BCFZY and a microsized BCZYYb. (D) The ASRp of PCECs is equipped with three kinds of positive electrodes shown in (A) to (C). All results are
measured in fuel cell mode and under OCV condition (cell 3 and cells 11 to 15). (E) The ASRo shown in (A) to (C). (F) Examples of peeling strength measurement plots for
three positive electrodes (cell 16). (G) Peeling strength of electrolyte-positive electrode interface (cells 16 to 18). (H) Linear thermal expansion of three positive electrodes
as a function of temperature during heating and cooling, and corresponding thermal expansion coefficients (TECs) (nano, cell 19; nano-nano, cell 20; nano-micro, cell 21).
(1) SEM image of the nano-micro positive electrode, which shows how the microsized phase functions as particle reinforcement to restrain the structural deformation.
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reveals that the nano-micro positive electrode simultaneously reduces
ASRp and ASRo (Fig. 5, D and E, and figs. S28 to S34).

As shown in Fig. 5C and figs. S35 and S36, the micro proton-
conducting oxide phase serves as an effective proton conduction
channel and reinforcement, enhancing the proton conductivity and
electrocatalytic activity of the electrode while improving its micro-
structural stability and compatibility with the electrolyte. Our results
show that, unlike the conventional nano-nano positive electrode, the
“rationally designed” nano-micro phase operates as a triple conduct-
ing oxide positive electrode (figs. S33 and S34), creating a network
that facilitates proton conduction, which effectively increases the
electrochemically active sites for both OER and ORR. In contrast,
the nanosized proton-conducting phase in the nano-nano positive
electrode cannot effectively build a proton conduction channel as
this phase is dispersed in the nanosized MIEC phase (Fig. 5B and fig.
S35B), which does not obviously improve the electrocatalytic activ-
ity. Thus, the nano-micro positive electrode reduces the ASRp.

The nano-micro positive electrode improves the strength and co-
herence of the electrolyte-positive electrode interfacial bonding,
leading to a peeling strength of 11.4 N (Fig. 5, F and G, and fig. $37),
which is much higher than those of the nano positive electrode (6.4 N)
and the nano-nano positive electrode (6.1 N). Improving the in-
terfacial bonding reduces the contact resistance, which is consistent
with the ASRg shown in Fig. 5E (12). The nano-nano positive elec-
trode displays the similar interfacial bonding with that of nano pos-
itive electrode; thus, the ASRg of the PCEC with the nano-nano
positive electrode is comparable to that for the nano positive elec-
trode. Therefore, the PCECs with nano-micro positive electrodes
attain the lowest ASRo (Fig. 5E). Figure 5E shows that the activation
energy decreases when using the nano-micro positive electrode, in-
dicating that both the preexponential factor and the mechanisms of
electrode reactions at the interface are changed (text S1).

Moreover, the dilatometry results (Fig. 5H) indicate that the
nano-micro positive electrode has the closest linear expansion pro-
file with the electrolyte, while the profile of the nano positive elec-
trode deviates. We also found that the nano-micro electrode has a
lower CTE (15.0 X 107 K™!) than the conventional nano positive elec-
trode (18.2 x 107 K™) and the nano-nano composite positive elec-
trode (16.1 x 107® K™'), which improves the electrolyte-positive
electrode compatibility and interfacial bonding (36). In addition, the
dilatometry results of the nano positive electrode indicate that it
shows deformation or structural relaxation upon one thermal cycle,
which is detrimental to the interfacial adherence. It is widely recog-
nized that large particles in ceramic composites can restrain struc-
tural deformation, prevent the initiation or propagation of cracks,
and improve toughness (37, 38). As displayed in Fig. 51 and fig. S38,
we hypothesize that the microsized particles in the nano-micro elec-
trode function as particle reinforcements, which are similar to the
stones in concrete, restraining the crack initiation and propagation
in the positive electrode (37, 38). Therefore, the mechanical integrity
of the electrode-electrolyte interfaces is improved with the nano-
micro positive electrodes and there are fewer cracks at the interfaces.

In summary, the nano-micro positive electrode can achieve im-
proved electrochemical performance and enhanced interfacial bond-
ing. The reduced activation energy is due to a combination of two
main factors, including effective proton-conduction channels created
by the micro phase and the enhanced electrolyte-positive electrode
interfacial bonding, which is also consistent to the distribution of re-
laxation time analyses (fig. S39 and text S4). At 350°C, ASRp decreases

Liu et al., Sci. Adv. 11, eadq2507 (2025) 10 January 2025

from 5.1 to 1.5 ohm-cm?® upon changing the nano positive electrode to
the nano-micro positive electrode. The PCEC performance shown
in fig. S40 implies that the nano-micro positive electrode results in a
3.1-fold increase in the fuel cell peak power density at 350°C.

UHP LT-PCECs for power generation at <450°C

Combining the appropriate electrolyte-negative electrode pair with
the nano-micro positive electrode allows us to redesign UHP LT-
PCEC:s (fig. S41). The open-circuit voltages (OCVs) for all PCECs
under fuel cell operation are higher than 1.05 V (fig. 6, A and B),
indicating that the single-grain-thick electrolyte exhibits negligible
electronic and mechanical leakage. Compared to our previous-
generation PCECs, the redesigned PCECs achieve much higher fuel
cell performance (Fig. 6C and figs. S42 and S43). With air as the
feedstock to the positive electrode, a superior peak power density of
2.2 W cm™ is reached at 600°C (Fig. 6A), which outperforms the
reported PCEC fuel cell results in the literature (Fig. 2A) (12-
14, 16, 20-22, 34, 39). To compare the UHP LT-PCEC with the state-
of-the-art PCECs (12), oxygen was fed to the positive electrode, and
a peak power density of 1.6 W cm ™ is achieved at 450°C (Fig. 6B).
Previously reported power densities at 450°C typically range from
0.2 to 0.7 W cm™? (Fig. 2A). In addition, we have demonstrated
PCEC operation at 300°C, delivering a viable fuel cell peak power
density of 0.2 W cm™2 on Hy-O, (Fig. 6B). At 450°C, these readily
processed PCECs with a redesigned architecture offer a more than
threefold increase in the fuel cell performance compared to PCECs
with acid-etched electrolytes and three-dimensional positive elec-
trodes (Fig. 2A).

The UHP LT-PCECs operating at 300° to 450°C also exhibit good
fuel flexibility. The fuel cell performance was evaluated on ammonia
and methane fuel. On ammonia fuel, without applying any catalysts,
the UHP LT-PCECs offer peak power densities of 0.5 W c¢m™~ at
450°C, 0.25 W cm™ at 400°C, and 0.15 W cm ™ at temperatures as
low as 350°C (Fig. 6D and fig. S44). At 450°C, the performance of
the UHP LT-PCECs on ammonia fuel can still reach ~65% on H,
fuel (fig. S45), indicating that the negative electrode is active for am-
monia cracking, which suggests that ammonia could serve as a H,
carrier for power generation in PCECs. The direct-ammonia PCECs
also attain outstanding performance at 600° to 500°C, achieving a
peak power density of 1.7 W cm™ at 600°C (fig. $46), which greatly
exceeds the results reported in the literature (Fig. 6E).

In addition, the UHP LT-PCECs can directly use methane for
power generation (Fig. 6F and figs. S47 and S48). At 500°C, as shown
in Fig. 5F we demonstrate a peak power density of 0.8 W cm™ on
methane fuel [versus, e.g.,0.55 W cm™2at 500°C (40) and 1.2 W cm ™2
at 650°C for previous intermediate-temperature solid oxide fuel
cells (41)], which approaches the performance of PCECs on pure
H, fuel (fig. S48). The I-V performance of the PCECs on methane
fuel shows that a viable peak power density can still be produced
at 400°C, implying that direct PCEC operation on natural gas at
<400°C is feasible.

UHP LT-PCECs for hydrogen production at <450°C

We also investigated the PCECs in steam electrolysis mode for hydrogen
production at <450°C (texts S2 and S3). As shown in Fig. 6H, the rede-
signed UHP LT-PCECs attain a current density of 1.15 A cm ™ at 1.4 V
and 450°C [versus, e.g., 1.04 A cm™> at 450°C for the state-of-the-art
PCECs (12)]. Furthermore, Fig. 61 and fig. S47 shows that the PCECs
achieve reasonable Faradaic efficiency (FE% > 85% at 400°C). At
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Fig. 6. Exceptional performance of redesigned UHP LT-PCECs in both fuel cell and steam electrolysis modes. The errors bars in these figures correspond to SDs from
the averaging across all measurements. (A) Polarization and power density curves of a representative UHP LT-PCEC with the redesigned architecture at 350° to 600°C (cell
3). Hy is fed to the negative electrode and air is fed to the positive electrode. (B) Polarization and power density curves of a representative UHP LT-PCEC with the rede-
signed architecture at 300° to 450°C. H, is fed to the negative electrode, and O, is fed to the positive electrode (cell 1). (C) Comparison of UHP LT-PCEC fuel cell performance
(cell 3) with the old PCEC (cell 22). (D) Polarization and power density curves of a representative UHP LT-PCEC on ammonia fuel at 300° to 450°C. NH3 is fed to the negative
electrode, and air is fed to the positive electrode (cell 23). (E) Comparison of UHP LT-PCEC fuel cell performance on ammonia fuel with literature results (42-48). (F) Polariza-
tion and power density curves of a representative UHP LT-PCEC on methane fuel at 400° to 500°C. Methane fuel stream is fed to the negative electrode, and air is fed to
the positive electrode (cell 24). (G) Comparison of UHP LT-PCEC fuel-cell performance on methane fuel with literature results (73, 40, 41, 49, 56-66). (H) Polarization curves
of a representative UHP LT-PCEC in electrolysis mode at 350° to 450°C. 40% H,0 + 60% N, is fed to the positive electrode (cell 25). (I) Faradaic efficiency of the UHP LT-PCEC
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at 400°C (cell 2). (J) Electrolysis energy efficiency of the UHP LT-PCEC at 400°C (cell 2).
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400°C and a current density of 0.6 A cm™>, the cell-level electrical
energy-to-chemical energy conversion efficiency reaches 84.3% (Fig. 6]),
highlighting the promise of low-cost H, production in PCECs at 400°C.

Stability of UHP LT-PCECs for power generation and
hydrogen production
We then performed stability testing of our UHP LT-PCECs for both
power generation and hydrogen production at <450°C. At a practi-
cal current density of 400 mA cm™? and 400°C, the PCEC continu-
ously operates in fuel cell mode for over 400 hours, achieving a
degradation rate of <0.01 mV/100 hours (Fig. 7A). The electro-
chemical impedance spectroscopy plots during the stability test
show that both the electrolyte and electrode are stable (Fig. 7B). Af-
ter the stability test, there is no observable change in the micro-
structure and no electrolyte crack (fig. S50). The electrolyte-electrode
interfaces show no delamination, suggesting that the interfacial
bonding is good, and the thermal expansions are compatible.
Long-term stability test data of the UHP LT-PCECs for H, produc-
tion in steam electrolysis mode are provided in Fig. 7C. We tested the
PCECs at 400°C and a current density of 0.6 A cm ™ for >2000 hours,
achieving negligible degradation in the applied voltage, Faradaic
efficiency, and energy efficiency. To the best of our knowledge,
these results have validated the feasibility of durable H, production
in PCECs at 400°C, which greatly reduces the operating tempera-
ture and exceeds previous PCEC performance. The stable terminal
voltage and Faradaic efficiency suggest no evidence of degradation.
Specifically, as shown in figs. S51 and S52, no cracking is observed
in the electrolyte, which is essential for high Faradaic efficiency.
The durable operation also implies that the positive electrode de-
composition or electrolyte-positive electrode delamination is not
expected, highlighting the robustness of the redesigned PCECs for
H, production.

Although there have been several intriguing demonstrations of
direct-ammonia PCECs for power generation, their stability was not
provided or was poor (42-46). Decorating negative electrodes with
ammonia-cracking catalysts with the aim of improving the catalytic
activity still resulted in obvious degradation (47, 48). We recognized
that electrolyte ruggedness is essential for PCEC operation on am-
monia fuel. Figure 8A displays the OCV of our redesigned direct-
ammonia PCECs along with those of previous PCECs, which shows
that the OCV of the redesigned PCECs is stable, while the OCV of a
previous PCEC gradually decreased and reached <0.6 V after 24 hours.
Moreover, both the ASRp and ASRp of the redesigned PCECs are sta-
ble during prolonged testing. In contrast, the ASRq of previous PCECs
quickly increases (Fig. 8B), which is mainly ascribed to grain bound-
ary fracture (Fig. 8, C and D). Our redesigned PCECs exhibit no
cracking after the stability test (Fig. 8, E and F). At a constant current
density of 300 mA cm ™ at 450°C, the PCEC continuously operates in
fuel cell mode on ammonia fuel for 500 hours, with a degradation rate
of <0.01 mV/100 hours (Fig. 8G). There are no detectable changes in
the PCEC morphology or any cracking or delamination after the long-
term stability test (Fig. 8, H and I). Stability testing of various PCECs
was conducted at 400° and 500°C on ammonia fuel, further validating
the robustness of the redesigned PCECs (figs. S53 and S54).

Figure 8] illustrates the mechanism depicting the impact of elec-
trolyte microstructure and chemical composition on PCEC stability
on ammonia fuel. Figure 3 (G and H) shows that a Ba deficiency in
the electrolyte promotes the segregation of specific elements (e.g.,
Yb) along the grain boundary or leads to the formation of impurities
on the grain boundary. This, in turn, causes decohesion between
contiguous grains. Under aggressive atmospheres, such as ammonia
and hydrogen, cracks can initiate and propagate along the grain
boundaries, resulting in gas leakage and irreparable degradation as
shown in Fig. 8A (figs. S55 and S56).
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Fig. 7. Stability of redesigned UHP LT-PCECs for power generation in H; fuel and H; production in steam electrolysis mode. The red dashed lines show the fitted
results for determining the degradation rate. (A) Long-term stability of a UHP LT-PCEC under H,-Air at 400°C with an output current density of 400 mA cm™? (cell 26).
(B) Nyquist plots measured at OCV of the UHP LT-PCEC for long-term stability testing at 400°C (cell 26). (C) Long-term stability of a UHP LT-PCEC in electrolysis mode at 400°C

with a charging current density of 600 mA cm~2 (cell 27).
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Fig. 8. Stability of redesigned UHP LT-PCECs for power generation in NH; fuel. The red dashed lines show the fitted results for determining the degradation rate.
(A) Comparison of OCV on ammonia fuel for redesigned UHP LT-PCECs (cell 28) and previously designed PCECs (cell 29). (B) Comparison of ASRo and ASRp on ammonia fuel
for redesigned UHP LT-PCECs (cell 28) and previously designed PCECs (cell 29). (C and D) SEM images of previously designed PCECs (cell 29) after stability testing on am-
monia fuel. (E and F) SEM images of redesigned UHP LT-PCECs (cell 28) after stability testing on ammonia fuel. (G) Long-term stability of a UHP LT-PCEC on NH3-Air at 450°C
with an output current density of 300 mA cm ™2 (cell 30). (H and 1) SEM images of redesigned UHP LT-PCECs (cell 30) after stability testing on ammonia fuel at 450°C.
(J) Proposed theory of fuel cell stability on ammonia fuel, which shows that the grain boundary chemical homogeneity is important for its robustness and durability.

DISCUSSION

By appropriately pairing the electrolyte with a Ba-rich and fully crystal-
lized negative electrode, a single-grain-thick, chemically homogeneous,
robust, and low-resistance electrolyte can be readily fabricated via the
conventional cosintering process. Creating the nano-micro positive
electrode simultaneously reduces ASRp and ASRp while reducing the
CTEs and improving the structural stability and electrolyte-positive
electrode compatibility. Thus, the UHP LT-PCECs can be redesigned to
enhance the fuel cell and steam electrolysis performance and stability at
<450°C. The UHP LT-PCECs attain high power densities in fuel cell
mode (as high as 1.6 W cm ™ at 450°C and 0.2 W cm™ at temperatures
as low as 300°C) and exceptional current densities in steam electrolysis
mode (over 1.1 A cm™ at 1.4 V and 450°C). Moreover, the PCEC rede-
sign approach can produce chemically homogeneous electrolytes, which
mitigates the crack initiation and propagation along the grain boundar-
ies, achieving high and long-term durable fuel cell performance on am-
monia fuel and remarkable durability in steam electrolysis mode. These

Liu et al., Sci. Adv. 11, eadq2507 (2025) 10 January 2025

reproducible results further emphasize that through the PCEC materials
and architecture design developments presented here, PCECs can be
used for power generation and H, production at 300° to 450°C, thereby
transforming the architectures of and removing previous operational
constraints on ceramic electrochemical cells for scaled operation. PCECs
can therefore be considered one part of the growing hydrogen economy
while leveraging the existing fossil fuel infrastructure and achieving
higher energy efficiency and lower CO, emissions.

MATERIALS AND METHODS

PCEC powder synthesis

Preparation of the negative electrode powder via the

SSRS method

The BCZYYb71114+NiO (SSRS) negative electrode powder consisting
of 40 wt % BaCey7Zrg1Y(1Ybo,10s3.5 (BCZYYb7111) + 60 wt % NiO
was synthesized via the SSRS method. First, a stoichiometric amount of
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BaCQO3, CeO,, ZrO,, Y03, Yb,O3, NiO, and 20 wt % corn starch (The
amount of corn starch is based on the total weight of BCZYYb7111 and
NiO) were ball milled in ethanol using yttria-stabilized zirconia (YSZ)
beads (d = 10 mm) for 48 hours. The ball-milled mixture was then
transferred into a beaker on a hot plate and continuously stirred at 120°C
for 24 hours. A 40 wt % BCZYYb7111 + 60 wt % NiO SSRS negative
electrode function layer powder was synthesized using the same proce-
dure but without adding corn starch. The information of all chemicals
used in this work can be found in table S15. The information of synthe-
sized powders and their preparation methods can be found in table S16.
Note that in this work, YSZ beads with a diameter of 10 mm were
used for the ball-milling process. All YSZ beads were procured from
Inframat Advanced Materials. The ball milling was conducted using
aroller at a speed of approximately 300 rpm/min.
Preparation of the negative electrode powder via the
SSS method
The BCZYYb7111+NiO (SSS) negative electrode powder was syn-
thesized using the SSS method, with a composition of 40 wt %
BCZYYb7111 + 60 wt % NiO. First, BCZYYb7111 powder was syn-
thesized by ball milling a stoichiometric mixture of BaCOs3, CeO,,
Zr0O», Y03, Yb,03, and 1 wt % NiO (based on the total weight of
crystallized BCZYYb7111, serving as the sintering aid for crystalliz-
ing the BCZYYb7111 during the sintering process) in ethanol using
YSZ beads (d = 10 mm) for 48 hours. The resulting powder was dried
at 120°C for 24 hours and then calcined at 1350°C for 5 hours to first
crystalize the BCZYYb7111. The resulting powder was then crushed
in an electric dry crusher at a speed of 12,500 rpm for 3 min, followed
by a ball milling again in ethanol using YSZ beads (d = 10 mm) for
48 hours and drying on a hot plate. Next, BCZYYb7111 (SSS) pow-
der was mixed and ball milled with NiO and corn starch in ethanol
using YSZ beads (d = 10 mm) for 48 hours with BCZYYb7111, NiO,
and corn starch in a weight ratio of 2:3:1. After drying the resulting
powder using the same method, the BCZYYb7111+NiO (SSS) nega-
tive electrode powder was obtained. The BCZYYb7111+NiO (SSS)
negative electrode function layer powder was synthesized using the
same processes but without adding corn starch.
Preparation of BaCeg 4Zro 4Y0.1Ybo.103.5 (BCZYYb4411)
electrolyte powder via the wet-chemistry method
The BCZYYb4411 electrolyte was synthesized using the wet-chemistry
method (49). Initially, a clear solution was obtained by dissolving a
stoichiometric amount of Y,03 and Yb,03 in 20 wt % diluted nitric
acid solution with continuous stirring at 100°C, which produced the
yttrium nitrate and ytterbium nitrate solution. Then, a mixture of
stoichiometric amount of Ba(NO3),, Ce(NO3)3¢6H,0, and zirconyl
nitrate solution (35 wt % in diluted nitric acid) was added to the
above solution. To act as complexing and chelating agents, citric acid
(CA) and EDTA were added with a CA:EDTA:total cation molar ra-
tio of 2:2:1. The resulting mixture was stirred for 3 hours at room
temperature to ensure complete complexation. The pH was adjusted
to ~9 by adding aqueous NH4OH solution. The solution was heated
at 250°C until a gel was formed. The gel was immediately moved to a
drying oven at 175°C for 24 hours. The resulting black powder was
then calcined under air at 1250°C for 5 hours, producing the BC-
ZYYb4411 electrolyte powder for PCEC electrolyte ink preparation.
Preparation of BaCoy 4Fe.4Zro.1Y0.103.5 (BCFZY4411) positive
electrode powder via the wet-chemistry method
The BCFZY4411 positive electrode powder was synthesized using a
wet-chemistry method with stoichiometric amounts of Ba(NOs),,
Co(NO3),06H,0, Fe(NO3)309H,0, zirconyl nitrate solution (35 wt % in
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diluted nitric acid), and Y,Oj3 as precursors. Initially, the calculated
amount of Y,O3 was dissolved in 20 wt % diluted nitric acid solution to
prepare the yttrium nitrate solution. The subsequent steps were similar
to those of the BaCe4Zr(.4Y(1Ybo 103.5 (BCZYYDb4411) electrolyte
powder synthesis process. The resulting black powder was dried at
175°C for 24 hours, followed by calcination at 600°C for 5 hours. The
powder was then ball milled in ethanol using YSZ beads (d = 10 mm)
for 24 hours and dried at 100°C to obtain the positive electrode powder.
Preparation of nano-micro, nano-nano, and nano positive
electrode powder

The nano-micro positive electrode powder is composed of 70 wt %
nanosized BCFZY4411 that was synthesized using the wet-chemistry
method and 30 wt % microsized BCZYYb4411 that was synthesized
using the SSS method with 1 wt % NiO added as a sintering aid dur-
ing sintering. The resulting mixture was ball milled in ethanol using
YSZ beads (d = 10 mm) for 24 hours and then dried at 100°C to
obtain the nano-micro positive electrode powder.

The nano-nano positive electrode powder consists of 70 wt %
nanosized BCFZY4411 that was synthesized using the wet-chemistry
method and 30 wt % nanosized BCZYYb4411 that was synthesized
using the same wet-chemistry method. During the synthesis of the
nanosized BCZYYDb4411, a calculated amount of nickel nitrate was
added to achieve the same amount of NiO as the microsized BC-
ZYYb4411. Afterward, the resulting nanosized BCFZY4411 and
nanosized BCZYYb4411 powder were mixed, ball milled, and then
dried to obtain the nano-nano positive electrode powder. The nano
positive electrode powder is the pure BCFZY4411 powder that was
prepared using the wet-chemistry method.

Preparation of Smy ;Cep 7Nig.1RU(,050,.5 (SDC-Ni-Ru) steam
methane reforming catalyst via the wet-chemistry method
SDC-Ni-Ru was synthesized via the wet-chemistry method us-
ing a stochiometric amount of Ce(NO3)3¢6H,0, Sm(NO3),+6H,0,
Ce(NO3)3¢6H,0, Ni(NO3),+6H,0, and Ruthenium(III) nitrosyl ni-
trate solution (HN4OjoRu) as the precursors. The powders were
dried at 175°C for 24 hours, calcined at 600°C for 5 hours, ball
milled in ethanol using YSZ beads (d = 10 mm) for 24 hours, and
then dried at 100°Cto obtain the catalyst that will be applied on PCECs.
Synthesis of hydrogen evolution electrode powder for
hydrogen pumping testing

The hydrogen evolution electrode, SryFe; 4Nip¢75M00506.5 (SFNM),
was previously validated in our research (50) and synthesized using the
abovementioned wet-chemistry method with stoichiometric amounts
ofSr(N03)2,Fe(NO3)3-9H20,Ni(NO3)2-6H20,and(NH4)6Mo7024-4H20
as the precursors. The resulting black powder was dried at 175°C for
24 hours, calcined under air at 600°C for 5 hours, ball milled in ethanol
using YSZ beads (d = 10 mm) for 24 hours before being dried at 100°C
to obtain the SFNM powder, which was used as the hydrogen evolution
electrode.

PCEC ink and device fabrication

Preparation of BCZYYb4411 electrolyte ink

The BCZYYb4411 electrolyte powder was mixed with 1 wt % NiO
(based on the mass of BCZYYb4411) as the sintering aid, fish oil, b-98
polyvinyl butyral, di-n-butyl phthalate, and ethanol. The mixture was
then subjected to ball milling using YSZ beads (d = 10 mm) for 4 days.
Preparation of nano-micro, nano-nano, and nano positive
electrode slurries

The slurries for the nano-micro, nano-nano, and nano positive elec-
trode slurries were prepared as follows: 5 g of the corresponding
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positive electrode powder was mixed with 1 g of dispersant [20 wt %
solsperse 28000 (Lubrizol) dissolved in a-terpinol] and 0.5 g of
binder [5 wt % V-006 (Heraeus) dissolved in a-terpinol]. The mix-
ture was thoroughly ground using a mortar and pestle to produce
the positive electrode slurries.

Preparation of Smg ;Ceg 7Niy.1RuU0,050>.5 (SDC-Ni-Ru) catalyst
slurry for internal steam methane reforming

The as-synthesized SDC-Ni-Ru powder was mixed with 1 g of dis-
persant [20 wt % solsperse 28000 (Lubrizol) dissolved in a-terpinol]
and 0.5 g of binder [5 wt % V-006 (Heraeus) dissolved in a-terpinol]
and then thoroughly ground using a mortar and pestle. This result-
ing catalyst ink was solely applied to the PCECs that operate on
methane for power generation.

Preparation of SFNM hydrogen evolution electrode slurry

The as-synthesized SFNM powder was mixed with 1 g of dispersant
[20 wt % solsperse 28000 (Lubrizol) dissolved in a-terpinol] and
0.5 g of binder [5 wt % V-006 (Heraeus) dissolved in a-terpinol] and
then thoroughly ground using a mortar and pestle. This ink was ap-
plied to the PCECs for hydrogen pumping experiments, with the
goal of determining potential electronic and gas leakage.
Fabricating PCECs with the BCZYYb4411 electrolyte-
BCZYYb7111+NiO (SSRS) negative electrode pair

The BCZYYb71114+NiO (SSRS) negative electrode support layer
and function layer were fabricated simultaneously using the co-tape
casting method. To prepare the negative electrode support layer
slurry, BCZYYb71114NiO (SSRS) negative electrode support layer
powder was mixed with menhaden fish oil, b-98 polyvinyl butyral,
polyethylene glycol 400, cyclohexanone, di-n-butyl phthalate, xy-
lenes, and ethanol. The negative electrode slurry was then ball
milled for 24 hours using YSZ beads (d = 10 mm). The same proce-
dure was followed to prepare the BCZYYb71114+NiO (SSRS) nega-
tive electrode function layer slurry. The function layer was coated
first on the Mylar film (with the thickness of ~50 um), followed by
the anode support layer (with the thickness of 1.3 mm). Both layers
were dried at room temperature for 24 hours and pre-sintered at
800°C for 30 min to remove all organic compounds. Next, the BC-
ZYYb4411 electrolyte ink was spray coated on the top of the anode
functional layer and sintered at 1450°C for 5 hours in air. The posi-
tive electrode slurry was then applied to the electrolyte using a brush
and sintered at 900°C for 5 hours. The effective area of all PCECs
used in this work is 0.5 cm”.

Fabricating PCECs with the BCZYYb4411 electrolyte-
BCZYYb7111+NiO (SSS) negative electrode pair

The BCZYYb7111+NiO (SSS) negative electrode support layer and
function layer were also fabricated simultaneously using the co-tape
casting method, and the slurry preparation and tape casting process
were identical to the processes previously mentioned. The same BC-
ZYYb4411electrolyteinkwasspraycoatedontheBCZYYb71114+NiO
(SSS) negative electrode function layer, followed by sintering at
1450°C for 5 hours in air. Three different positive electrode slurries,
including nano-micro, nano-nano, and nano positive electrode,
were then brush painted on the electrolyte side and sintered at
900°C for 5 hours. The effective positive electrode area of all PCECs
used in this study is 0.5 cm”.

Methane-fueled PCEC single-cell fabrication for power
generation

The PCECs with the BCZYYb4411 electrolyte-BCZYYb7111+NiO
(SSS) negative electrode pair were used as the half cells. The nano-micro
ink was then brush painted on the electrolyte side and sintered at 900°C
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for 5 hours. The effective positive electrode area is 0.5 cm®. Then, SDC-
Ni-Ru ink was brush painted on the BCZYYb7111+NiO (SSS) negative
electrode and dried at 220°C for 30 min. This catalytic layer can en-
hance the steam methane reforming catalytic activity of PCECs.

PCEC single-cell fabrication for hydrogen pumping testing

The PCECs with the BCZYYb4411 electrolyte-BCZYYb71114+NiO
(SSS) negative electrode pair were used as the half cells in this study.
The SFNM hydrogen evolution electrode slurry was then brush
painted on the electrolyte side and sintered at 1000°C for 5 hours. In
this work, the effective electrode area is 0.5 cm®.

BCZYYb4411 electrolyte pellet preparation for determining
the impact of negative electrodes on electrolyte
densification and grain growth

The as-synthesized nanosized BCZYYb4411 (with 1 wt % NiO)
electrolyte powder was dry-pressed using a carbonized stainless
steel die set under a pressure of 150 bar for 2 min, resulting in green
pellets of 20-mm diameter and 1-mm thickness. These pellets were
placed on different setters, including BCZYYb71114NiO (SSS) neg-
ative electrode setters, BCZYYb71114+NiO (SSRS) negative elec-
trode setters, and alumina setters, and then sintered at 1450°C for
5 hours. The sintered pellets were analyzed via SEM and EDS to in-
vestigate the impacts of negative electrode substrates on the electro-
lyte densification and grain growth.

Structural characterizations

X-ray diffraction

The crystal structures were analyzed using x-ray diffraction (Rigaku
MiniFlex II diffractometer with a Cu Ko radiation source operated
at 30 kV and 15 mA. The scan speed was 1°/min).

Scanning electron microscope

The microstructure of PCECs and EDS were examined by using the
SEMs (Hitachi/S-3400 N and FEI Nova NanoSEM450). For charac-
terizing the PCEC after 2000 hours testing. SEM and EDS analyses
were conducted using a Zeiss Auriga Cross Beam system equipped
with an INCA X-act EDS detector (Oxford Instruments Ltd., UK).
Secondary electron images were acquired at an accelerating voltage
of 10 kV with a 30-pum aperture. SEM-EDS mapping and elemental
analysis were performed at an accelerating voltage of 20 kV, using
the same 30-pm aperture.

SEM-FIB

The microstructure and EDS of PCECs equipped with three differ-
ent positive electrodes was characterized using the TESCAN $8252G
RAMAN-SEM/focused ion beam (FIB). Ga+ FIB was applied to
mill the samples.

TEM

The TEM samples were prepared using the FEl HELIOS NANOLAB
6001 FIB/SEM. TEM and EDS were performed with an FEI Talos
F200X TEM/STEM using a 200-keV accelerating voltage.
Dilatometry

The dilatometry experiments were conducted using the Netzsch DIL
402 Expedis to measure the linear thermal expansion profiles of the
positive electrode and electrolyte samples. All samples used in the
dilatometry experiments were cylindrical in shape. The positive elec-
trode and electrolyte samples (~0.6 g for each sample) were prepared
by using a carbonized stainless steel die set under a pressure of 150 bar
for 2 min, resulting in green cylinders. These cylinders were then
sintered at 900°C for 5 hours, with the goal of obtaining the same mi-
crostructure with the positive electrode layer. The electrolyte cylinder

130of 16

G20z ‘9T Afenuer uo uopuoabs|joD euedw | e 6io8ous1os mmmy/sdiy Wwoly papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

was sintered at 1450°C to achieve a densified sample. The liner ther-
mal expansion profiles of these samples were collected with a heating
and cooling rate of 10°C/min. The dilatometer was calibrated and
corrected for each measurement. The dimensions of positive elec-
trode and electrolyte samples after final sintering are as follows:
Nano positive electrode: ¢ 5.38 mm by 8.60 mm; nano-nano positive
electrode: ¢ 5.82 mm by 8.87 mm; nano-micro positive electrode: ¢
5.88 mm by 8.31 mm; electrolyte: ¢ 5.01 mm by 6.67 mm.

Peeling strength testing

The peeling strength of the positive electrode was evaluated in accor-
dance to the ASTM D903 standard for 180° peeling strength testing
(fig. S57). PCECs full cells with three types of positive electrodes were
fabricated under identical conditions, and both positive and negative
electrodes were clean and dry. The specimens were mounted in the
test apparatus by securing the negative electrode using heavy-duty
double-sided tape. A rectangular strip of tape was placed on the neg-
ative electrode. One end of the tape was affixed to the positive elec-
trode, and the other end was clamped to the test machine and pulled
back in a “U” shape. A rectangular strip of tape with a length of 3 cm
and a width of 2.5 cm was placed on the negative electrode. One end
of the tape was affixed to the positive electrode, and the other end was
clamped to the test machine and pulled back in a U shape. All peeling
tests were conducted at the same speed, and the peel force was mea-
sured in newton. In addition, we selected heavy-duty tape to ensure
the accurate separation of the positive electrode from the electrolyte,
aiming to represent the interface separation. To address reproduc-
ibility, we conducted a total of 15 tests (5 tests for each sample; fig.
S37), providing a robust dataset to ensure the reliability of our results.

Electrochemical measurement

PCEC single cell testing in both fuel cell and steam

electrolysis modes

Current collection and cell testing stations. The current collectors for
both electrodes of PCECs were prepared by painting gold paste onto
them. A silver grid was then applied on top of the gold paste to weld
the silver wire on both electrodes. The PCECs were sealed onto an
alumina tube using a glass sealant (MO -SCI: 1745P/-45). The negative
electrode (anode in fuel-cell mode and cathode in steam electrolysis
mode) was exposed to a relatively small alumina tube with a diameter
of 16 mm, which controlled the atmosphere around the negative elec-
trode. The positive electrode (cathode in fuel-cell mode and anode
in steam electrolysis mode) was exposed to a large quartz tube with
a diameter of 50 mm, which controlled the atmosphere around the
positive electrode.

Before electrochemical measurements, the negative electrodes of
all PCEC cells were first reduced under H, [20 standard cubic centi-
meter per minute (SCCM)] at 600°C for 30 min, upon sealing onto
the alumina tube. At each temperature, the cells were kept at a con-
stant temperature for around 15 min to reach an equilibrium state
before the electrochemical measurement. The cooling rate was set to
be approximately 3.5°C/min. All electrochemical measurements
were conducted using the Gamry Reference 3000, Gamry Interface
5000, and Princeton applied research potentiostat at an operating
temperature ranging from 600° to 300°C.

PCEC fuel cell testing on hydrogen. The hydrogen with a flow
rate of 80 SCCM was fed to the negative electrode. The air or pure
oxygen stream with a flow rate of 500 SCCM was fed to the positive
electrode.
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PCEC fuel cell testing on ammonia. The fuel used in the experiment
was ammonia, while air was used as the oxidant. The ammonia flow
rate was adjusted on the basis of operating temperature to maximize
the fuel utilization. At 600°C, the flow rate was 40 SCCM, while at
550°C, it was 30 SCCM. The flow rate was further reduced to 25 SCCM
at 500°C, 20 SCCM at 450°C, and 10 SCCM at 400°C. At the lowest
operating temperature of 350°C, the flow rate was 5 SCCM. The air
flow rate was maintained constant at 500 SCCM for all temperatures.

PCEC fuel cell testing on methane. The methane to steam ratio was
1:2. The steam concentration was controlled by bubbling CH,4 gas
through a customized temperature-controlled bubbler. The CH, flow
rate was adjusted at different operating temperatures to maximize the
fuel utilization, with a flow rate of 16 SCCM at 500°C, 12 SCCM at
450°C, and 8 SCCM at 400°C. The air flow rate remained constant at
500 SCCM for all temperatures.

PCEC steam electrolysis mode testing. The positive electrode
was supplied with a mixture of steam and nitrogen, with a steam
concentration of 40%, regulated by passing nitrogen gas through
a temperature-controlled bubbler. The nitrogen gas flow rate was
100 SCCM. The negative electrode was fed with a pure hydrogen gas
stream at a flow rate of 15 SCCM. To enable accurate measurement of
hydrogen production rate using gas chromatography (Agilent 3000A),
the negative electrode outlet gas was mixed with a nitrogen gas stream
to dilute the produced hydrogen. The Faradaic efficiency (FE %) was
calculated using the following equation
nHz)meusured X (nXF)

MY, measured
2,
FE (%) = =
nsz theoretical I

X 100

where FE (%) is the Faradaic efficiency at a specific current density,
My, measured 1 the measured hydrogen production rate (mol/s), nis 2, Fis
the Faradaic constant (96,485 C mol "), and I is the applied current (A).

PCECs for hydrogen pumping testing. The purpose of this experiment
is to confirm that the electrolyte does not exhibit electronic leakage
by measuring the Faradaic efficiency during hydrogen pumping test-
ing. During testing, a gas mixture containing 20 vol % H, (20 SCCM
H, + 80 SCCM Nj,) was introduced to the positive electrode. The neg-
ative electrode was first reduced with 20 vol % H, (5 SCCM H, +
20 SCCM Ar) for 1 hour, after which it was switched to pure Ar gas
with a flow rate of 20 SCCM. An applied current density ranging from
50 to 400 mA/cm” was applied for pumping hydrogen. At each current
density, the PCEC operated for approximately 30 min to allow the outlet
gas concentration reach equilibrium. Figure S58 illustrates the whole
hydrogen pumping experiment process. At the positive electrode, the
2H, — 4H*+4e" electrochemical reaction occurs. This reaction leads
to the generation of protons and electrons. The protons are then trans-
ported through the electrolyte to the negative electrode. Upon reaching
the negative electrode, the protons participate in the reduction process
(4H*+4e~ — 2H,). This reaction results in the regeneration of molec-
ular hydrogen. To assess the effectiveness of this process, the outlet gas
concentration is monitored, and Faradaic efficiency is calculated using
an inline gas chromatograph (INFICON 3000 Micro GC).

Supplementary Materials
This PDF file includes:

Supplementary text 1 to 4

Figs. S1to S58

Tables S1to S16
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