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SUMMARY

Protonic ceramic fuel cells offer higher efficiency, better stability, and lower costs than their counterpart energy 

devices, but their commercialization is far behind because of stack manufacturing and design challenges. This 

work solves layer thickness control, microstructure manipulation, and interfacial bonding challenges for multi-

material heterogeneous ceramic additive manufacturing by a direct laser reactive additive manufacturing tech-

nique, which avoids multistep high-temperature furnace firing and enables on-demand manufacturing of pro-

tonic ceramic fuel cells down to minutes from around 80 h. This technique manufactures single cells with high 

power densities of around 1.03 W/cm2 at 600◦C, 2.6 times that of the conventionally processed ones. Further-

more, it realizes promising three- to six-cell segmented-in-series stacks with a peak power of 7 W and constant 

power output of 3.1 W for 260 h. A new on-demand ceramic additive manufacturing device and a practical en-

ergy conversion/storage device can be potentially derived from the current achievement.

INTRODUCTION

As global human power consumption rises alarmingly, the need for 

sustainable and clean energy conversion and storage technolo-

gies has never been more pressing. One promising solution is 

deploying protonic ceramic fuel cells (PCFCs).1–6 This intermedi-

ate-temperature (350◦C–650◦C) cutting-edge energy device, 

schematically described in Figure 1A, offers many advantages, 

THE BIGGER PICTURE As global temperatures steadily increase, demand for clean energy production and 

storage climbs in response. While protonic ceramic fuel cells (PCFCs) stand out as highly efficient intermedi-

ate temperature electrochemical devices, there are serious limitations in commercialization due to current 

manufacturing difficulties. PCFCs manufactured through traditional means struggle with maintaining high 

performance with increasing area, showcasing a need for innovative ceramic production routes to enable 

large-scale implementation of PCFCs. Herein, we report a new ceramic additive manufacturing technique, 

direct laser reactive additive manufacturing (DL-RAM), for the production of large-area, stable, and power- 

dense PCFCs and stacks. Highly scalable, dimensionally flexible, and cost-effective PCFC production is en-

abled through commercially available oxide precursors, microextrusion-based 3D printing for anode produc-

tion, ultrasonic spray printing for thin electrolyte layer application, and a unique laser-based densification 

method. This unique manufacturing route not only allows for cell production speed to be increased by a factor 

of 150×but also avoids the traditional pitfalls of furnace-sintered PCFCs, i.e., elemental segregation and over-

densification. DL-RAM is applicable not only to PCFCs but also to a broad range of energy storage and con-

version devices. The resulting single cells and stacks can be integrated into both portable and stationary clean 

energy systems, contributing to the development of a sustainable, green society. Beyond simple energy de-

vices, DL-RAM stands as a foundational leap forward for layer-by-layer ceramic additive manufacturing, with 

broad implications for the future of additively manufacturing ceramics, both structural and functional. 
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such as more agreeable operation temperatures, higher efficien-

cies, longer lifetimes, more fuel flexibility, longer thermal and 

chemical stabilities, better material compatibility, and lower cost 

of operation and materials,7–9 over traditional low/high-tempera-

ture counterpart energy conversion storage devices, e.g., oxy-

gen-ion-conducting solid oxide fuel cells (O-SOFCs, 700◦C– 

1,000◦C, Figure S1A) and polymer electrolyte membrane fuel cells 

(PEMFCs, around 80◦C, Figure S1B). Although the scientific con-

cept was conceived over 40 years ago, PCFCs started to make 

a significant performance breakthrough only in the past 10 years 

through the discovery of more efficient electrolyte/cathode mate-

rials, the engineering of more active microstructures and interfa-

ces, and the development of moderate sintering techniques.2,3,9–11

Some promising performances (e.g., peak power density) have 

demonstrated the ability of PCFCs to outperform O-SOFCs and 

PEMFCs at intermediate temperatures, attracting intensive atten-

tion from academics, governments, and industries.12–15

However, PCFCs’ commercialization progress lags signifi-

cantly behind O-SOFCs and PEMFCs, since the two counterpart 

devices have been demonstrated for either megawatt-scale 

power supply or fuel cell electric vehicles. At least three key 

factors of performance (high power density), stability (steady op-

eration), and scalability (easy scaling-up) are the prerequisites 

for fuel cell devices to possess commercialization feasibility. 

Figure 1B and Tables S1 and S2 summarize the performance 

(peak power density) of PCFCs achieved in the past 10 years 

(2015–2025), which indicates that around 80% of the results 

were obtained from anode-supported small button cells with 

areas less than or equal to 1.0 cm2. Although some peak power 

densities as high as 2.0 W/cm2 have been reported at 600◦C, the 

values fluctuated over 10–30 times, with a mean value of only 

0.49 W/cm2 at 600◦C.7,16,17 When comparing PCFCs fabricated 

from the same materials and identical procedures and cell archi-

tectures (Figure 1C, black dots, and Table S3), there is also a 

wide range of performance differences, suggesting PCFCs cur-

rently lack performance reproducibility. Figure 1C compares the 

performance, stability, and scalability of the most representative 

PCFCs. Regarding scalability, sporadic attempts have been 

made to increase the PCFC area using large planar cells/stacks 

and tubular cells/stacks. Beyond a singular large-area planar cell 

(16 cm2) that demonstrated an impressive peak power density of 

1.3 W/cm2 at 600◦C,1 most other PCFC single cells (both planar 

and tubular) with an area larger than 1.0 cm2 demonstrated mean 

power densities no higher than 0.45 W/cm2 at 600◦C. While 

seemingly simple stacks could increase effective area and total 

power output, there has been limited success. One representa-

tive three-cell planar PCFC stack from 5-cm2 single cells was re-

ported with a peak power density of only 0.23 W/cm2 at 550◦C,18

encountering a dramatic drop compared to the single-cell per-

formance. A two-cell tubular stack (8.2 cm2) was reported but 

showed an output power density of only 0.28 W/cm2 at 600◦C, 

a nearly 50% reduction from the single-cell performance of 

0.52 W/cm2.19 Another group demonstrated a sharp decrease 

from single tubular cell performance to stack performance, 

with a power density of 0.6 W/cm2 at 700◦C (0.43 cm2) with a 

single cell down to 206 mW/cm2 with a seven-cell stack 

(12.04 cm2).20 There are clear difficulties with maintaining the 

high performance of small-area single cells while increasing sin-

gle-cell area and stack integration. While small-area single cells 

have shown impressive stability, limited reported stability data 

from multicell stacks indicate a distinct commercialization limita-

tion. While PCFC development is promising, it is far from satisfy-

ing the simultaneous commercialization prerequisites of high 

performance, long stability, and easy scalability.

The technical challenges to satisfy these three PCFC commer-

cialization prerequisites have become clearer in recent years. 

One such challenge is the extremely high required densification 

temperatures (e.g., 1,500◦C–1,700◦C) arising from the refractory 

nature of state-of-the-art perovskite-type protonic ceramic elec-

trolytes.9,15,21 These temperatures are much higher than those of 

O-SOFCs (e.g., 1,300◦C–1,400◦C), which causes many manu-

facturing challenges. The state-of-the-art PCFC manufacturing 

Figure 1. Working principle of PCFC and performance comparison of recently published PCFC works 

(A) Working principle of the PCFC. 

(B) The number of cells reported with peak power density (PPD) and their respective area over the past 10 years (2015–2025). Cell data used in this figure can be 

found in Table S1. 

(C) A comparison of peak power output, peak power density, and durability of recently published PCFC small cells, stacks, and large-area tubes. Cells fabricated 

with the same materials as in this work are highlighted for direct comparison with those fabricated herein.
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method of tape casting/furnace firing (Figure S2) involves or-

ganic-solvent-related ball milling, precursor calcination at 

moderate temperatures (900◦C–1,400◦C), tape casting, green 

half-cell lamination, half-cell sintering (i.e., co-firing) at high tem-

peratures (1,500◦C–1,700◦C), cathode deposition, and cathode 

annealing at moderate temperatures (900◦C–1,100◦C).22 The 

furnace processing steps, containing long-duration sintering 

under extremely high temperatures, lead to a high process 

energy, blunt electrolyte surfaces, highly resistive electrolyte/ 

cathode interfaces, highly coarsened and densified anode mi-

crostructures, and the potential for inhomogeneous local proper-

ties due to uneven furnace temperature distribution7,10,23

(Figure S3). These deleterious effects from high-temperature fir-

ing can all be ascribed to the poor reproducibility of small cells 

and the difficulty in attaining high-performing large-area cells. 

Another limitation arises from the large volume variations associ-

ated with the protonic ceramic electrolyte during hydration and 

dehydration. PCFC electrolytes require high proton conductivity 

and uptake for improved electrochemical performance, leading 

to a large expansion in lattice volume and stress across the cells. 

This inevitable stress is exacerbated in large-area cells and 

stacks, where there can be uneven fuel/oxidant distributions 

and temperature gradients over the cells. The established planar 

and tubular stack designs, where fuel distribution issues are 

well known, are particularly vulnerable to this issue, causing 

rapid failure, especially as single-cell area and cell count in-

crease.18,24–26 Therefore, to commercialize PCFCs, we must 

look beyond developing new materials and solve the intrinsic 

manufacturing challenges associated with high-temperature fur-

nace densification while avoiding the shortcomings of popular 

planar and tubular stack designs.

To overcome the disadvantages of the popular planar and tub-

ular stacks, namely problems with sealing, current collection, 

and hydration/thermal stresses, we can look to the unique stack 

architectures proposed for O-SOFCs, such as segmented in ser-

ies (SIS), cone shape, flat tube, and many more exotic de-

signs.27–31 The SIS stack relies on multiple small-area planar sin-

gle cells connected in series, typically over a porous ceramic 

membrane, through short interconnections to reduce ion and 

electron transport paths in a tubular or flat tubular orientation. 

As a hybrid of planar and tubular stacks, the SIS stack can afford 

high power densities associated with the short ionic and elec-

tronic transport paths and simple interconnects of planar stacks 

but can also simplify the sealing structures, similar to tubular 

stacks, all while improving structural stability due to the small 

single-cell size.27,32,33 These benefits have been proven for 

O-SOFC stacks, including demonstrations of high performance, 

integration into kilowatt-scale stacks, and proof of thermal and 

redox stability.34–38 Therefore, the SIS stack presents a more 

promising future for the scale-up of PCFCs by solving mechan-

ical failure issues caused by large single cells. Typical O-SOFC 

SIS stacks are fabricated by screen printing the various func-

tional layers and interconnectors onto a porous ceramic support, 

with multiple high-temperature firing steps.39–41 The requirement 

of high-temperature furnace firing, problems with screen align-

ment/resolution, and possible stack failures due to the mis-man-

ufacturing of a single cell lead to a tediously long manufacturing 

process. Therefore, though the SIS stack is a promising design, it 

is encountering significant manufacturing challenges, and the re-

quired high-temperature firing presents difficulties for PCFC 

commercialization.

The key obstacles to the commercialization of PCFCs con-

verge into the manufacturing challenges caused by multiple 

high-temperature furnace firing steps required by state-of-the- 

art PCFC fabrication techniques. We must develop new manu-

facturing methods for PCFCs to avoid this fundamental issue. 

The recently erupted additive manufacturing (AM), or 3D printing, 

technologies have made significant progress. They are now used 

to manufacture practical products with desired geometries, high 

dimensional accuracies, various material properties, and various 

end functions.42–47 Although AM technologies are widely suc-

cessful in metal and polymer manufacturing, ceramic AM tech-

nologies are still very limited due to their unique material proper-

ties. Because of the mechanical limitations of ceramics, the 

commercially available ceramic AM devices all focus on printing 

complicated geometry in green bodies, followed by high-tem-

perature furnace firing. To our knowledge, no commercial ce-

ramic AM machines can consolidate a newly printed fresh layer 

on the previously sintered layers to manufacture the final geom-

etry without post-firing. Ceramic AM technologies face four key 

challenges: (1) difficulty in bonding fresh layers and consolidated 

layers because ceramics usually don’t melt into liquid, like met-

als and polymers; (2) difficulty in consolidating crack-free large- 

area layers because of the large thermal gradient coupled with 

ceramics’ lack of plasticity; (3) difficulty in depositing layers 

with largely varied thickness; and (4) difficulty manipulating the 

microstructure layer by layer. Some AM technologies, however, 

such as inkjet printing, direct ink writing, binder jetting, and aero-

sol jet printing, have shown promise in fabricating O- 

SOFCs.43,44,46–48 These ceramic AMs are usually limited to pre-

paring green parts on a single support or thin-film component 

rather than the whole cell structure. Moreover, due to the refrac-

tory properties of state-of-the-art protonic ceramic electrolytes, 

PCFCs face much harsher manufacturing conditions than 

O-SOFCs. They require more exotic densification conditions, 

such as higher temperatures, longer sintering times, protective 

environments, sintering additives, and specific sintering techni-

ques.3,6,49 Because of these challenges, the AM of large-scale, 

multilayer, multimaterial PCFCs and stacks through conven-

tional techniques is still unachievable.

In this work, by leveraging the AM and laser processing of pro-

tonic ceramics we have established in the last 10 years,23,50–56

we develop and demonstrate the direct laser reactive AM (DL- 

RAM) method for high-performance SIS PCFC stacks. The 

unique advantages include (1) precisely size-controlled materials 

deposition and localized consolidation to form heterogeneous 

multilayer and multimaterial microstructures, (2) direct use of 

commercially available cost-effective raw materials, (3) a time-ef-

ficient and on-demand manufacturing process (e.g., a 10-cm2 

cell takes only 15 min), (4) a highly scalable and dimensionally 

flexible procedure, (5) avoidance of high-temperature furnace 

sintering, and (6) potential for direct manufacturing of stacks, in-

cluding sealant and interconnect. The unique advantages af-

forded by the DL-RAM method allow for the creation of complex, 

layered SIS stacks with ease, without any of the restrictions asso-

ciated with the traditional screen printing/furnace sintering 
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methodology, as well as improving the repeatability and reliability 

of stack production. By applying DL-RAM to the fabrication of 

PCFCs from model component materials of 60 wt % NiO + 40 

wt % BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) anode, BCZYYb + 1 

wt % NiO electrolyte, and BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY0.1) 

cathode, we manufactured PCFCs consisting of considerably 

porous nanostructured cermet anodes, dense electrolyte thin 

films with negligible grain boundary resistances and surface 

chemistry discrepancies, and highly nanoporous cathodes with 

well-bonded electrolyte/cathode interfaces, with ensuing power 

densities of ∼1.03 W/cm2 at 600◦C under H2/air, which is signifi-

cantly higher than the documented single-cell performance man-

ufactured using furnace-firing methods from the same materials. 

The DL-RAM method solved the stress issues associated with 

traditional ceramic AM by instant and localized sintering utilizing 

a partial liquid phase, achieving highly repeatable large-area 

crack-free half cells as large as 14 cm2. We further developed 

the manufacturing ability of DL-RAM for SIS stack fabrication, 

demonstrating a seven-cell stack with an area close to 10 cm2, 

output power of ∼7 W, output open-circuit voltage (OCV) higher 

than 7 V, peak power density of 0.88 W/cm2 at 650◦C, and stable 

operation longer than 260 h. The DL-RAM method solves the 

challenges associated with SIS stack fabrication, ensuring a 

bright future for the commercialization of PCFCs, and enabling 

the manufacture of novel AM ceramic energy conversion/storage 

devices.

RESULTS AND DISCUSSION

Description of DL-RAM

Figure 2A schematically describes the DL-RAM technical con-

cept for rapidly and precisely manufacturing heterogeneous 

ceramic devices (e.g., PCFCs) without post-processing steps 

beyond the DL-RAM station. The manufacturing method integra-

tes some key techniques, such as high-volume microextrusion 

printing (HV-MEP), high-resolution ultrasonic spray printing 

(HR-USP), fast laser drying, selective laser reactive sintering 

(SLRS), and precise laser machining, into one highly compact 

AM device (Figure 2A, i). Video S1 shows typical processes for 

manufacturing a PCFC single cell using the DL-RAM method. 

HV-MEP is first used to print a homogeneous thick anode pre-

cursor layer from 40 wt % BCZYYb + 60 wt % NiO raw material 

paste onto a fused silica substrate. Then, HR-USP is used to 

print the BCZYYb + 1 wt % NiO electrolyte precursor slurry 

onto the green anode to form a thin electrolyte precursor layer. 

After drying by mild CO2 laser or natural drying at room temper-

ature, a high-energy CO2 laser scan is used to sinter the anode/ 

electrolyte bilayers to achieve rectangular half-cells through the 

movement of the x-y stage. The substrate de-binding, polymer 

burnout, and half-cell sintering happen in a single rapid laser 

scan with no adverse reactions. The key step for the successful 

manufacturing of large-area crack-free PCFC single cells is the 

high-energy CO2 laser sintering of anode and electrolyte bilayers 

under a vertically distributed thermal gradient to achieve crack- 

free sintered half-cells with a thin, dense, and vertically grown 

large-grain electrolyte on a highly nanoporous anode. This meth-

odology enables the fabrication of multiple cell architectures 

through a single DL-RAM manufacturing stage. The HV-MEP 

and HR-USP-combined layer deposition methods (Figure 2A, 

ii) allow accurate and rapid printing of green parts with well-con-

trolled thicknesses, excellent flatness, and robust interlayer 

bonding. These manufacturing techniques integrate to make 

DL-RAM uniquely suitable for the AM of ceramic green parts. 

First, because of the relatively large nozzle size (e.g., 200 μm), 

HV-MEP can deposit thick layers, enabling a high production 

rate from pastes made of commercially available and cost-effec-

tive micrometer-sized ceramic powders without the need for 

sieving or other pre-processing. Second, the utilization of HV- 

MEP with low-viscosity paste coupled with fast laser drying 

not only allows the deposition of smooth and flat green ceramic 

planar layers as large as 100 cm2 without hills or valleys between 

filaments (Figures S4) but also enables the printing of multilay-

ered green parts with homogeneous thin walls and invisible 

bonding.56 Third, HR-USP from a slurry of fine ceramic powders 

allows the deposition of thin green layers with well-controlled 

thicknesses down to 7 μm (Figure S5) through one deposition, in-

troducing sintered layers with a thickness of less than 5 μm and 

excellent reproducibility (Figure S6). While highly suitable for 

green-part AM for PCFCs, DL-RAM’s true strength lies in the 

SLRS methodology.

Instead of post-furnace firing after printing the complete green 

parts, SLRS (Figure 2A, iii) enables selective and rapid consolida-

tion of the freshly deposited green layer on top of the previous layer 

through a vertical thermal gradient, which enables the formation of 

heterogeneous microstructures, quintessential for high PCFC per-

formance. As schematically described in Figure 2B, SLRS integra-

tes phase formation, solid-state sintering, and partial liquid-phase 

sintering into one manufacturing step. SLRS can achieve desired 

crystal structures for state-of-the-art PCFC electrolytes, cathodes, 

and anodes such as BaZr0.8Y0.2O3-δ, BaCe0.6Zr0.3Y0.1O3-δ (BCZY), 

BCZYYb, BaCe0.4Zr0.4Y0.1Yb0.1O3-δ, BaCe0.7Zr0.1Y0.1Sm0.1O3-δ, 

BCFZY0.1, and 40 wt % BCZYYb + 60 wt % NiO (Figure S7). 

Not only does SLRS produce phase-pure materials, but this 

technique also produces fully dense state-of-the-art protonic ce-

ramic electrolytes such as BCZYYb, BaCe0.4Zr0.4Y0.1Yb0.1O3-δ, 

BaCe0.7Zr0.1Y0.1Sm0.1O3-δ, and BaZr0.8Y0.2O3-δ (Figure S8). 

SLRS can easily manufacture highly dense electrolytes and pro-

duce porous structures from protonic ceramic materials for elec-

trodes and electrode scaffolds (Figure S9) by lowering the laser 

power and optimizing the green layer composition. These gradient 

microstructures are difficult to obtain in a single piece through tra-

ditional AM. Furthermore, SLRS is capable of manufacturing multi-

layered components directly through the modification of green 

layer compositions and laser settings. As shown in Figure S10, in-

creasing the distance (D) between the temperature probe and the 

laser focal surface results in a temperature drop, showcasing a ver-

tical temperature gradient. This gradient enables SLRS to directly 

fabricate dual-layer half-cells consisting of an anode-supported 

electrolyte (Figure S11) and trilayer single cells comprising the 

anode, electrolyte, and cathode scaffold (Figure S12), all with 

excellent interlayer bonding and heterogeneous microstructures 

in a single laser scan—a critical advancement for both ceramic 

AM and PCFC development. While ceramics’ brittle nature makes 

them difficult to manufacture additively, the use of reactive 

sintering introduces a well-documented partial liquid phase (BaY2 

NiO5)
13,57 in both the anode and the electrolyte layers (Figures 2B 
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and 2C), which is hypothesized to act as a buffer region between 

densified and green bodies and layers, releasing the stress caused 

by a large horizontal thermal gradient during the laser scan. The lo-

calized heat generated by the laser causes binders to burn out just 

ahead of the sintering zone, resulting in partial detachment of the 

sintered layer from the substrate and forming a freestanding struc-

ture (Figure S13 and Video S1). This detachment facilitates stress 

relief during sintering, avoiding the typical issues associated with 

restrained sintering. Although the heating rate is high, the cooling 

rate remains relatively moderate (Figure S10B), which helps pre-

vent crack formation. These combined effects enable the fabrica-

tion of large-area, multilayer, crack-free ceramic half-cells using la-

ser processing. Furthermore, the galvo scanner produces a laser 

scanning line that is twice the width of the sample, effectively mit-

igating in-plane microstructural inconsistencies typically caused 

by the Gaussian intensity distribution of the laser spot. As shown 

in Figure S14, this approach ensures a consistent microstructure 

across both the edges and the center of the cells. Figure 2D sum-

marizes 10 half-cells with a width of 10 mm and different lengths 

with representative desired microstructures of highly dense thin 

electrolyte layer well bonded to a porous anode support 

(Figure 2E), showing excellent manufacturing repeatability. The 

crack-free half-cells here have an area near 14 cm2, which can 

be easily enlarged by increasing cell length or cell width with a 

higher laser power. While highly suitable for producing electrode 

scaffolds, the high-speed laser firing can also rapidly connect elec-

trode nanoparticle necks without obvious grain growth to form a 

highly porous nanostructure for manufacturing cathode layers 

Figure 2. Schematic illustrations of DL-RAM technology and resulting example cells 

(A) In (i), the entire DL-RAM system is showcased. In (ii), the schematic principle of anode layer printing by HV-MEP followed by electrolyte printing through HR- 

USP is demonstrated. In (iii), the SLRS schematic of the high-power CO2 laser being scanned across the green half-cell produced in (ii) for densification is 

displayed. 

(B) Densification and reaction of precursor powders exposed to SLRS, including partial liquid BaY2NiO5 at high temperatures. 

(C) The schematic of the thermal gradient created by laser incidence on the electrolyte surface, which creates heterogeneous microstructures. 

(D) Optical images of 10 DL-RAM-manufactured crack-free PCFC half-cells, with areas as large as 14 cm2. 

(E) SEM image displaying heterogeneous microstructures produced by a single laser scan, with a well-bonded dense electrolyte layer and the porous anode layer. 

(F) Porous cathode well bonded to the dense electrolyte in one laser scan.
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directly. By adjusting the laser focus directly on the electrolyte sur-

face, one can achieve higher temperatures at the electrolyte/cath-

ode interface, creating the desired robustly bonded cathode and 

electrolyte (Figure 2F) without overdensification of the bulk 

electrode.

While the capabilities of DL-RAM are clear, the advantages 

become more evident through direct comparison with the 

state-of-the-art tape-casting/furnace firing method for manufac-

turing PCFCs. On production time alone, we can easily conclude 

that DL-RAM provides much faster on-demand manufacturing, 

nearly 150 times faster, with the largest reduction arising from 

the SLRS of PCFCs needing only ∼15 min, depending on size, 

compared to over 18 h using the standard furnace firing method-

ology. Starting from pastes and slurry, the manufacturing proc-

ess may be completed on one highly compact DL-RAM device 

without post-processing, making it suitable for autonomous 

manufacturing in a miniaturized space, due to the highly local-

ized energy incidence. On the other hand, the conventional 

tape-casting/furnace firing method may need to handle the 

wet and high-temperature processes in different environments, 

adding significant difficulty for automation and miniaturization 

of the manufacturing process. Furthermore, DL-RAM allows 

the direct use of cost-effective raw materials, which can benefit 

the rapid consolidation process and significantly lower the 

cost of materials and processing. Finally, the rough electricity 

consumption for manufacturing 20 pieces of 5 × 5 cm2 

60 wt % NiO + 40 wt % BCZYYb|BCZYYb + 1 wt % NiO| 

BCFZY0.1 PCFCs in laboratories consumes electricity as high 

as ∼270 kWh. In contrast, while producing the same amount 

of PCFCs, only 21% of the electricity will be consumed by DL- 

RAM manufacturing because of the shorter time, highly selective 

sintering, and fewer high-temperature processes (Figure S15

and Note S1).

Characterization of DL-RAM-manufactured PCFCs

The high grain boundary resistance for state-of-the-art perov-

skite-type electrolytes has been a key obstacle to the high per-

formance of PCFCs for many years because it worsens with de-

creasing temperatures, limiting low-temperature performance. 

While the production of thin electrolyte films with large grains 

has been heavily studied and is well understood to improve 

PCFC performance, they can typically be produced only by 

high-temperature (>1,500◦C) and long-duration (>10 h) furnace 

sintering. On the other hand, DL-RAM can increase grain size 

and decrease grain boundary thickness readily (Figures 3A and 

3B) by increasing laser scanning energy density. The BCZYYb 

electrolyte grain size as large as 5–10 μm was obtained through 

SLRS. The large grains can significantly lower the grain boundary 

numbers perpendicular to the proton transport direction. Fur-

thermore, it is commonly accepted that during laser AM, grains 

grow along the largest temperature gradient toward the hottest 

region,58,59 as schematically described in Figure S16. This pre-

ferred grain growth direction can elongate the grains perpendic-

ular to the electrolyte membrane, resulting in grain boundaries 

parallel to the proton transport direction, contributing to negli-

gible electrical resistance for the parallel charge transport. The 

BCZYYb electrolyte film with this optimized bulk microstructure 

was characterized by electrochemical impedance spectroscopy 

(EIS) to understand proton transport properties at various tem-

peratures under wet air. Figure S17 indicates that the EIS Nyquist 

arc ascribed to the conventional electrolyte’s grain boundary 

transport process by the traditional furnace firing does not 

Figure 3. Microstructure and electrochemical characterization of DL-RAM half-cells and electrolytes 

(A) Large grains and low grain boundary density in the DL-RAM electrolyte. 

(B) Smaller grains and larger grain boundary densities were obtained by lowering laser power. 

(C) Conductivity comparison between DL-RAM electrolyte and traditional furnace-sintered electrolyte. 

(D) SEM-EDS images of SLRS electrolyte surface. 

(E) EIS spectra of symmetric cells consisting of DL-RAM and traditional electrolytes with BCFZY0.1 cathode. 

(F) Nano-sized pores and Ni nanoparticle precipitation are present on the DL-RAM anode after reduction.
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emerge for the BCZYYb electrolyte film obtained by the SLRS. 

The total conductivity of the SLRS-manufactured BCZYYb elec-

trolyte (Figure 3C) is almost the same as the bulk conductivity 

and much higher than the total and grain boundary conductivities 

of the traditional furnace-fired electrolyte containing many grain 

boundaries, reaching a high value of 14.6 mS/cm2 at 600◦C.

While the ionic conductivity of electrolytes is important for high 

performance, the electrolyte’s surface properties also play a sig-

nificant role. The surface chemistry discrepancy from bulk is well 

documented and was unavoidably observed for protonic ce-

ramic electrolyte membranes (e.g., BCZYYb, Figure S3) manu-

factured by high-temperature and long-time furnace firing 

(1,500◦C for 18 h; the necessary processing conditions for 

achieving desirable electrolyte bulk microstructure), which has 

been proven to be the reason for the poor interfacial kinetics be-

tween electrolyte and cathode.10,23,60–62 Introducing a dense 

cathode nanolayer, acid etching of the electrolyte top surface, 

enhancement of the barium source, and digital laser texturing 

improved both ohmic resistance and cathode performance. 

However, they still face challenges of processing complexity 

and control difficulty. It is crucial, therefore, to look at changes 

in the sintering itself to mitigate this foundational issue. It has 

been demonstrated that ultra-fast sintering of ceramics at a tem-

perature much higher than their conventional sintering tempera-

tures could eliminate elemental migration and volatile element 

loss, including materials for O-SOFC electrolytes.63,64 SLRS uti-

lized by DL-RAM can satisfy this ultra-fast sintering by ramping 

the temperature to the recommended sintering temperature 

and beyond within tens of seconds. As seen in Figures 3D and 

S18, the scanning electron microscopy (SEM)-energy dispersive 

X-ray spectroscopy (EDS) analysis of the laser-sintered BCZYYb 

shows that neither the deficiency of Ba and Ce nor the enrich-

ment of Y, Yb, or Zr was found on the smooth electrolyte surface. 

While the exact temperature reached during SLRS is currently 

being studied, the lack of elemental segregation and loss due 

to the ultra-fast sintering is evident, suggesting improved interfa-

cial characteristics between the cathode and the DL-RAM elec-

trolytes. To characterize this improvement, the state-of-the-art 

BCFZY0.1 cathode was deposited on both sides of a DL-RAM- 

manufactured BCZYYb + 1% NiO electrolyte thin film to form a 

symmetrical cell to investigate oxygen reduction reaction 

(ORR) area-specific resistances (ASRs) under oxidization atmos-

phere. Figure 3E, the comparison between symmetrical cells 

from DL-RAM-manufactured and furnace-firing-manufactured 

BCZYYb electrolytes, shows that the cathode ASRs (0.05, 

0.09, and 0.17 Ω⋅cm2 at 550◦C, 600◦C, and 650◦C) for the sym-

metrical cell from DL-RAM-manufactured electrolyte improve 

significantly and are only about one-third of the values for 

the symmetrical cells from furnace-firing-manufactured electro-

lyte at all three measurement temperatures. The distribution 

of relaxation times (DRT) analysis of the corresponding EIS 

spectra revealed a reduced high-frequency (HF) contribution 

(Figure S19), suggesting an improved electrolyte/cathode inter-

facial exchange rate due to a superior electrolyte surface.23

The EIS Nyquist plots of symmetrical cells with the same porous 

BCFZY0.1 layers on both defective surfaces of BCZYYb + 1 

wt % NiO electrolytes further show the high cathode ASR 

(0.55 Ω⋅cm2 at 550◦C) and poor stability (degraded by about 

120% after 15 h, Figure S20), while the cathode on the DL- 

RAM-manufactured electrolyte showed stable operation for 

more than 100 h in single cells (Figure 4D in next section). These 

results cement the ability of DL-RAM to produce superior elec-

trolytes without any additional post-processing.

While the electrolyte difference between DL-RAM and furnace- 

fired samples is clear, we also investigated anode changes. Dur-

ing the long-duration co-firing in the high-temperature furnace re-

quired to achieve fully dense, large-grained protonic ceramic 

electrolytes, the anode is simultaneously densified and coars-

ened, resulting in poor anode microstructure. This can be seen 

in the common anode composition of 60 wt % NiO + 40 wt % 

BCZYYb after being co-fired at 1,500◦C for 18 h through solid- 

state reactive sintering (Figure S21A), showcasing a fully dense 

microstructure. Even after reduction, there are limited pores re-

sulting from the phase transition from NiO to Ni, and large 

BCZYYb (∼10 μm) and Ni (∼12 μm) grains are observed 

(Figure S21B), while the desired catalytically active Ni nanopar-

ticles are not found, which usually is believed to be the reason 

for poor anode performance (Figure S21C). Not only are there sig-

nificant microstructural issues, but reducing the dense compo-

site structure often causes higher strain between the BCZYYb/ 

Ni interfaces and significant volume change, which may form mi-

crocracks during cell performance testing, resulting in rapid deg-

radation of the anode and single-cell performance (Figure S21D). 

The half-cells of the same anode and electrolyte manufactured by 

DL-RAM show much smaller grain sizes and higher porosity 

(Figure S22), resulting in highly nanoporous structures 

(Figure 3F) suitable for high performance after reduction. In addi-

tion, nickel nanoparticles that precipitated on the BCZYYb sur-

face, which were extensively accepted to be responsible for 

fast hydrogen or hydrocarbon oxidation kinetics, were observed.

Evaluation of DL-RAM-manufactured PCFC single cells

To study the capabilities of DL-RAM for electrochemical device 

manufacturing and its impact on final electrochemical perform-

ance, three classes of PCFC single cells were prepared by intro-

ducing cathodes through different routes (Figure S23): S-cat 

(standard cathode), L-cat (laser-sintered cathode), and L-com- 

cat (laser-sintered composite cathode). Five DL-RAM-manufac-

tured (with representative microstructures shown in Figure 4A) 

and one furnace-manufactured (with a representative micro-

structure shown in Figures S21 and S24) single cells were pro-

duced to evaluate the suitability of PCFC single cells for com-

mercialization. Exact preparation techniques for each cell class 

can be found in the methods, and all PCFC single cells are sum-

marized in Table S4.

As shown in Figure 4B, a small S-cat button cell (C-2) made 

from the DL-RAM-manufactured half-cell and standard cathode 

achieved peak power densities as high as 1,030, 692, 430, and 

265 mW/cm2 at 600◦C, 550◦C, 500◦C, and 450◦C, respectively 

(corresponding ASRs are shown in Figure S25). Compared 

with performance (peak power densities of 588, 443, 314, and 

192 mW/cm2 at 600◦C, 550◦C, 500◦C, and 450◦C) for the control 

cell (C-1) manufactured with the furnace-firing-based solid-state 

reactive sintering method (Figure S24A), the peak power densities 

of the DL-RAM cell increased tremendously, 2.55–2.67 times the 

control values. This is much higher than those for some recently 
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reported PCFC single cells with similar components of 40 wt % 

BCZYYb + 60 wt % NiO anode, BCZYYb electrolyte, and 

BCFZY0.1 cathode fabricated using conventional furnace-co-fir-

ing methods (Figure 4C and Table S3).3,19,65–70 To understand 

the superior performance of the DL-RAM-manufactured cells, 

we compared electrode ASRs with those of the control cell 

(Figure S24B). The DL-RAM-manufactured cell shows lower 

ASRs, corresponding to faster electrode kinetics, than the fur-

nace-sintered control cell from the entire temperature range (e. 

g., the ASR decreased 63% at 600◦C). The high-magnification 

SEM image of the cross section of the laser-sintered electrolyte 

does not have clear grain boundaries, ensuring high protonic con-

ductivity (Figure 4A). In contrast, the furnace-sintered electrolyte’s 

high-magnification SEM image shows clear grain boundaries and 

some residual closed pores (Figures S24C and S24D). Moreover, 

the direct anode microstructure comparison demonstrated that 

the laser-sintered anode has a higher porosity, smaller grain sizes, 

more nickel nanoparticles, and better interphase percolations 

than the furnace-sintered anode (Figures 3F and S24E). To quan-

tify the improvement of anode microstructure, conventionally 

fired and laser-sintered half-cells were tested in a gas-adsorption 

analyzer to determine the porosity of each sample (Figure S26). 

Brunauer-Emmet-Teller (BET) analysis calculated a surface area 

per mass value of ∼11.91 m2/g for the conventional cell and 

∼28.01 m2/g for the laser-sintered cell. This leads to an increase 

in gas diffusion in the anode layer and triple-phase boundary sites, 

which both improve cell performance.

Figures S27 and S28 provide the performance (I-V and I-P 

curves), ASRs, and SEM images of two other PCFC single cells 

of L-com-cat (C-3, 0.42 cm2) and L-cat (C-4, 0.42 cm2) with la-

ser-processed cathodes. With normalization by electrolyte 

thickness, a similar performance with C-2 was achieved. There-

fore, furnace processing can be completely avoided for the 

manufacturing of PCFCs, enabling the potential for autonomous, 

on-demand manufacturing out of the 3D printing stage. The DL- 

RAM-manufactured PCFC single cells were further evaluated 

for performance stability while drawing constant currents at 

certain temperatures (550◦C–600◦C). The stability test results 

(Figure 4D) of an L-com-cat cell (C-5, ∼0.3 cm2) at 550◦C under 

an H2/air gradient while drawing a current of 275 mA/cm2 show 

no marked degradations of power density or terminal voltage for 

approximately 100 h. An L-cat cell with a larger area (∼1.1 cm2, 

C-6) was tested at a higher temperature of 600◦C while drawing a 

higher current of 500 mA/cm2. Although the output was as high 

Figure 4. Microstructure and electrochemical characterizations of DL-RAM single cells 

(A) SEM micrograph of a DL-RAM single cell cross section with near grain-boundary-free electrolyte and porous electrodes. 

(B) Current density-power density (I-P) and current density-voltage (I-V) curves of the S-cat cell (C-2). 

(C) PPD comparison between C-2 and recently published works with the same cell configuration. 

(D) Stability testing data for C-5 for over 100 h drawing a constant current density of 275 mA/cm2 at 550◦C. 

(E) More aggressive stability testing data of C-6 for over 90 h drawing a higher constant current density of 500 mA/cm2 at 600◦C.
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as ∼0.4 W (about seven times C-5), the power density and termi-

nal voltage did not degrade for approximately 92 h (Figure 4E). 

The unchanged OCV versus time for both cells proved that no 

leakage-related cracks occurred across the cells or through 

the sealing regions during long-term operation. Figures S9, 

S12, and S29 provide a detailed microstructure comparison of 

the cathode, electrolyte, anode, and electrode/electrolyte inter-

faces between the fresh and the long-term-tested cells. Almost 

all identical microstructures were observed for the L-com-cat 

and the L-cat cells before and after the long-term test, which 

can explain the stable performance of these two cells while out-

putting the desired power.

Evaluation of DL-RAM-manufactured SIS PCFC stacks

Following demonstrations of stability and high performance, we 

investigated the validity of DL-RAM for large-area stack produc-

tion. Due to the discussed problems with tubular and planar 

stacks, we implemented an SIS stack architecture (Figure S30). 

These problems are all addressed using the DL-RAM methodol-

ogy. As discussed, DL-RAM uniquely avoids the long-duration 

high-temperature furnace firing, HR-USP provides resolution for 

electrolytes down to <6 μm, and the HV-MEP allows for each 

cell in the stack to be additively manufactured individually, pre-

serving the stack structure if one cell were to fail. Three SIS stacks 

(Table S5) with different cell configurations were fabricated to an-

alyze the feasibility of DL-RAM.

The individual S-cat cells of around 1 cm2 were constructed in 

a three-cell stack (S-1, ∼3 cm2) and tested to prove the feasibility 

of DL-RAM for SIS production (Figure S31A). The performance 

testing results (Figure 5A) of S-1 show that the peak power den-

sities of 888, 779, and 576 mW/cm2 were achieved at 650◦C, 

600◦C, and 550◦C, respectively, which is consistent with the per-

formances measured for the single cells. The stability testing re-

sults (Figure 5B) show that the stack could output a constant 

power of ∼0.5 W and a steady terminal voltage of ∼2.5 V for 

200 h while drawing a constant current of 200 mA/cm2 at 

550◦C. After drawing an increased current of 300 mA/cm2, within 

the additional operation of 60 h, the constant power output of 

∼0.6 W and a steady terminal voltage of ∼2.1 V were success-

fully achieved. The steady OCV of ∼3.4 V and the almost unde-

graded microstructures (Figures S31B–S31E) of the cell compo-

nents for all the cells constructed into the stack explain the 

excellent stability.

To further study the scalability and area independence of the 

performance, a seven-cell stack (S-2) with a total area of 

∼9.3 cm2 was constructed from seven S-cat cells with an aver-

age single-cell area of around 1.3 cm2 (Figure 5C). The stack per-

formance (I-V and I-P curves) at 650◦C–500◦C under H2/air gra-

dient (Figure 5D) indicates peak power outputs as high as 7.157, 

5.728, 3.887, and 2.071 W at 650◦C, 600◦C, 550◦C, and 500◦C, 

respectively. The peak power densities normalized by the small-

est cell area are 810, 648, 440, and 234 mW/cm2, which are also 

very consistent with power densities obtained from stack 1 and 

other individual cells under the same testing conditions due to 

the high cell structure reproducibility provided by the DL-RAM 

method (Figure S32). A three-cell stack (S-3, ∼8.7 cm2) was 

Figure 5. Electrochemical characterization and appearance of DL-RAM stacks 

(A) I-P and I-V curves of S-1. 

(B) Stability testing data for S-1 for 200 h drawing constant current density of 200 mA/cm2 at 550◦C followed by an increase of current density to 300 mA/cm2 for 

an additional 60 h. 

(C) Optical images of S-2 before and after performance testing show no obvious signs of stack failure or degradation. 

(D) I-P and I-V curves of S-2. 

(E) Stability testing of large-area S-3 drawing constant current density of 500 mA/cm2 for over 100 h at 600◦C.
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constructed from individual S-cat cells with a larger area of 

∼2.9 cm2 (Figure S33A) to further test scalability and area inde-

pendence of performance. Figure S33B provides the perform-

ance (I-V and I-P curves) for S-3. Powers of 6.931, 5.91, 4.196, 

and 2.365 W and OCVs of 2.99, 3.11, 3.21, and 3.29 V were ob-

tained at 650◦C, 600◦C, 550◦C, and 500◦C, respectively. The 

power densities normalized by the smallest cell area of 2.8 cm2 

are 825, 705, 500, and 281 mW/cm2, again consistent with the 

performances of the other cells and stacks. Stack stability was 

tested for S-3 to study the effect of increased individual cell 

area, stack area, and power output on stack performance. 

Figure 5E indicates that a stable power of around 3.1 W could 

be output for around 110 h while drawing a constant current of 

500 mA/cm2 and keeping a steady terminal voltage of ∼2.3 V 

at 600◦C. The stable OCVs and undegraded microstructures 

(Figures S33C–S33F) for cell components of the stack cells ex-

plain the excellent stack stability. Figure S34 further compared 

the PCFC cell/stack performance achieved by DL-RAM with 

the reported ones summarized in Table S1. It is clear that the 

DL-RAM achieved area-independent electrolyte conductivity 

and electrode ASR, resulting in area-independent power density 

while considering the same electrolyte thickness.

Conclusion

In conclusion, the DL-RAM technique enables the fabrication of 

additively manufactured high-performance PCFCs without tradi-

tional high-temperature and long-duration furnace firing steps, 

significantly reducing the overall fabrication time and improving 

the microstructures. Rapid and precise layer deposition is 

achieved through the HV-MEP and HR-USP processes. The par-

tial liquid phase sintering and temperature gradient present dur-

ing SLRS enable crack-free, large-area (e.g., 14 cm2) sintering of 

PCFC half-cells and full cells with desired heterogeneous layer 

microstructures and improved electrolyte/electrode interfaces. 

The fabricated single cells achieved power densities as high as 

1,030 mW/cm2 at 600◦C, a benchmark for cells with the same 

materials. SIS stacks with areas as large as 9.3 cm2 demonstra-

ted total power outputs of up to 7 W and constant power outputs 

of up to 260 h. Furthermore, the PCFCs and stacks exhibited 

highly area-independent performance and durability, highlight-

ing the scalability and commercial potential of the DL-RAM tech-

nique. The underlying principles of DL-RAM also offer broad ap-

plicability in the manufacturing of complex ceramic and ceramic/ 

metal composite structures, making it a promising fabrication 

technique for energy conversion and storage devices such as 

fuel cells, electrolyzers, and solid-state batteries, as well as a 

leap forward for layer-by-layer ceramic AM.

METHODS

Materials and paste/suspension preparation

Anode precursor paste

BCZYYb with NiO (40:60 wt %) was selected as the anode elec-

trode. According to the composition of BCZYYb, stoichiometric 

amounts of the precursor solids of BaCO3 (Thermo Fischer), 

CeO2 (Thermo Fischer), ZrO2 (Alfa Aesar), Y2O3 (Thermo Fischer), 

Yb2O3 (Alfa Aesar), and 60 wt % of NiO (Alfa Aesar) (based on 

the BCZYYb weight) were mixed by roller ball milling for 48 h 

with isopropanol solvent and 3-mm YSZ grinding medium in a Nal-

gene bottle. They were then dried to remove the isopropanol at 

90◦C for 24 h. After that, 15 wt % de-ionized (DI) water solvent 

and 1.5 wt % dispersant (Darvan 821A, Vanderbilt Minerals) 

were added to the dry precursor powders, and the slurry was 

ball milled for 24 h with 3-mm YSZ grinding medium. Binder 

(HPMC, 0.25%, Alfa Aesar) was added to the paste and mixed us-

ing a planetary centrifugal vacuum mixer (MTI, MSK-PCV-300-LD) 

for 30 min at 1,000 rpm and − 90 kPa to obtain a homogeneous 

and bubble-free anode precursor powder paste.

Electrolyte precursor suspension

The BCZYYb suspension was prepared using stoichiometric 

amounts of the precursor solids BaCO3 (Thermo Fischer), 

CeO2 (Thermo Fischer), ZrO2 (Alfa Aesar), Y2O3 (Thermo 

Fischer), and Yb2O3 (Alfa Aesar). NiO (1 wt %, Alfa Aesar) sinter-

ing additive was mixed with those precursors by roller ball milling 

for 48 h with isopropanol solvent and 3-mm YSZ grinding me-

dium in a Nalgene bottle. It was then dried at 90◦C for 24 h to re-

move the isopropanol. The dried powders were mixed with 45 

wt % ethanol, 5 wt % binder (5 wt % V-006 [Heraeus] dissolved 

in terpinol), and 5 wt % dispersant (triethanolamine, Thermo 

Fischer) for 48 h of ball milling before spraying.

Cathode scaffold precursor suspension for L-com-cat 

cell

The BCZY63 suspension was prepared using stoichiometric 

amounts of the precursor solids BaCO3 (Thermo Fischer), 

CeO2 (Thermo Fischer), ZrO2 (Alfa Aesar), and Y2O3 (Thermo 

Fischer). Fe2O3 (1 wt %, Alfa Aesar) sintering additive and 45 

wt % starch (Thermo Scientific) were added, and the mixture 

was roller ball milled for 48 h with isopropanol solvent and 

3-mm YSZ grinding medium in a Nalgene bottle. It was then dried 

at 90◦C for 24 h to remove the isopropanol. The dried powders 

were ball milled with 65% ethanol and 3 wt % dispersant (trietha-

nolamine, Thermo Scientific) for 24 h, then 1.5% Butvar (B-98), 

1.5% Di-n-butyl phthalate, and 1.5% polyethylene glycol 600 

were added to the suspension for another 24 h of ball milling.

Cathode infiltration solution for L-com-cat cell

The BCFZY0.1 cathode solution was prepared using stoichio-

metric amounts of Ba(NO3)2 (Alfa Aesar), Co(NO3)2⋅H2O (Alfa 

Aesar), Fe(NO3)3⋅9H2O (Alfa Aesar), 35 wt % ZrO(NO3)2 in dilute 

nitric acid (Sigma Aldrich), and Y(NO3)3⋅6H2O (Alfa Aesar) 

(0.015 mol total metal ion concentration) dissolved in 90 mL DI 

water. Citric acid (0.75 mol) was added as a complexing agent 

to facilitate the homogeneous distribution of the component 

metal ions.

Cathode precursor paste for S-cat cell

BCFZY0.1 precursor cathode powders were synthesized by the 

sol-gel method. The calculated stoichiometric amounts of Ba 

(NO3)2 (Alfa Aesar), Co(NO3)2⋅H2O (Alfa Aesar), Fe(NO3)3⋅9H2O 

(Alfa Aesar), 35 wt % ZrO(NO3)2 in dilute nitric acid (Sigma Al-

drich), and Y(NO3)3⋅6H2O (Alfa Aesar) were dissolved in EDTA 

(Alfa Aesar)-NH3H2O (Alfa Aesar) solution under continuous 

heating and stirring. Then citric acid was introduced, with the 

molar ratio of EDTA acid:citric acid:total metal ions controlled 

to be around 1.5:1.5:1. Subsequently, NH3H2O or HNO3 was 

used to adjust the pH value to around 9. After the solution be-

came clear, the water was evaporated. Then a dark purple gel 

was obtained and put into an oven at 150◦C for 24 h to obtain 
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the primary powders. The powders were roller ball milled with 

butanol for 48 h with 3-mm YSZ medium in a Nalgene bottle, 

then dried at 90◦C for 24 h, roller ball milled with isopropanol 

for 24 h again, and then dried at 90◦C for 24 h. After that, the 

powders were calcined at 600◦C for 5 h to obtain BCFZY pow-

der. The powders were mixed with 15 wt % dispersant (20 

wt % solsperse 28000 [Lubrizol] dissolved in terpinol) and 5 

wt % binder (5 wt % V-006 [Heraeus] dissolved in terpinol) to fab-

ricate cathode paste.

Cathode spray coating suspension for L-cat cell

The sol-gel method-synthesized BCFZY0.1 precursor powder 

was calcined in a furnace at 850◦C for 5 h. Then the powders 

were mixed with 56% ethanol and 12.5 wt % dispersant (20 

wt % solsperse 28000 [Lubrizol] dissolved in 3 terpinol) and 

12.5 wt % binder (5 wt % V-006 [Heraeus] dissolved in terpinol) 

and underwent 48 h roller ball milling before spraying.

Half-cell fabrication

The anode precursor paste was extruded onto a fused silica sub-

strate with a thickness of 0.3 mm utilizing HV-MEP (preeflow 

eco-PEN 300, ViscoTec). The electrolyte precursor was then ap-

plied to the surface of the printed anode using HR-USP. Then 

both layers were dried at room temperature in air. The CO2 laser 

(Iradion 1625, wavelength ∼10.6 μm) was directed through a 

galvo scanner (intelliSCAN III 14, SCANLAB) and focused onto 

the anode/electrolyte bilayer sample for laser sintering. Laser 

operation was at 0.1 mm/s scan speed, 45-cm gap (the distance 

between the galvo scanner and the sample), 15-mm scanning 

width, and 200 W laser power.

Single-cell fabrication

S-cat cell

The cathode precursor paste was brush printed by hand on the 

laser-sintered BCZYYb half-cell surface. Cathode layer thick-

ness was controlled by brushed cathode slurry weight (0.6 μg/ 

cm2) and then sintered in a furnace at 900◦C for 5 h.

L-com-cat cell

A BCZY63 cathode scaffold precursor suspension was depos-

ited on the sintered BCZYYb half-cell surface by HR-USP. The 

three-layer sample was sintered by laser again (laser parameters 

were the same as for half-cell sintering). Then the BCFZY0.1 pre-

cursor solution was infiltrated into the pores of the L-cat bone 

structure under vacuum using a microliter syringe to control 

the loading amount (15 μL/cm2). Next, the infiltrated cells were 

fired at 400◦C for 1 h, and the above vacuum infiltration process 

was repeated five more times. Finally, the cells were sintered at 

900◦C for 1 h to obtain the desired nanocrystalline phase of 

BCFZY0.1.

L-cat cell

A BCFZY0.1 cathode spray coating suspension was deposited 

on the sintered BCZYYb half-cell surface by the ultrasonic spray 

coating head, and the samples were sintered by laser again. The 

laser bonding parameters were 0.1 mm/s scan speed, 45-cm 

gap, 15-mm width, and 120 W power.

Control cell

The anode precursor powder was mixed with starch (30 wt %) by 

dry ball milling for 48 h. This powder was pressed into green pel-

lets under 350 MPa for 120 s in a circular carbon-aided steel die 

set. The electrolyte precursor suspension was deposited on the 

pressed anode by HR-USP. The pellets were sintered in a fur-

nace at 1,500◦C for 18 h. The cathode precursor paste was brush 

painted on the sintered BCZYYb half-cell surface and then 

bonded in a furnace at 900◦C for 5 h.

Electrolyte sample fabrication for conductivity 

measurement

Furnace-sintered BCZYYb electrolyte

The BCZYYb + 1 wt % NiO electrolyte precursor powders were 

pressed into 12-mm-diameter green pellets under 350 MPa for 

120 s in a circular carbon-aided steel die set. Then the pellets 

were sintered in a furnace at 1,450◦C for 18 h.

Laser-sintered BCZYYb electrolyte

The BCZYYb + 1 wt % NiO electrolyte precursors were mixed 

with 15 wt % DI water and the 1.5 wt % dispersant (Darven 

821A, Vanderbilt Minerals) and ball milled for 24 h with 3-mm 

YSZ grinding medium. Binder (HPMC, 0.25%, Alfa Aesar) was 

added to the paste and mixed using the planetary centrifugal 

vacuum mixer (MSK-PCV-300-LD, MTI) for 30 min to obtain a ho-

mogeneous and bubble-free electrolyte precursor powder 

paste. Next, the paste was extruded onto a substrate by a micro-

extruder following the same procedure as the anode printing. 

After drying in air, the CO2 laser was applied through a galvo 

scanner. The laser operation parameters used the same condi-

tions as half-cell fabrication.

Symmetrical cell fabrication

The BCFZY0.1 cathode precursor paste was screen printed on 

both sides of the furnace-sintered BCZYYb electrolyte and la-

ser-sintered BCZYYb electrolytes and was bonded in a furnace 

at 900◦C for 5 h to obtain the symmetrical cells.

Temperature gradient testing

A platinum-rhodium temperature probe (B-type exposed ther-

mocouple, Evolution Sensors and Controls) was placed on a 

fused silica substrate. An anode slurry composed of BCZYYb 

and NiO (40:60 wt %) was tape cast at varying thicknesses 

above the temperature probe (0.3, 0.8, 1.3, and 5.3 mm) to 

embed the temperature probe. The laser was focused on the 

top surface of the cast layer and scanned at a speed of 

0.1 mm/s, starting from a distance of 2 cm away and moving to-

ward the probe. Temperature data were recorded at 1-s intervals 

over a 25-s duration for both the heating (approaching) and the 

cooling (receding) stages.

Performance testing

Symmetrical cell testing

Silver paste and silver wire were used as a current collector using 

the four-point probe measurement technique, and a silver lead 

wire was attached to the BCFZY0.1 surface. The symmetrical 

cells were put in a testing furnace and tested in a wet air (3% 

H2O) atmosphere (through a room temperature water bubbler, 

50 mL min− 1). The ASR of the symmetrical cells was measured 

by potentiostat EIS spectra of a Reference 600 Plus (Gamry In-

struments) with a signal amplitude of 10 mV in the frequency 

range of 0.05 Hz–5 MHz.
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Conductivity measurement

Silver paste was attached to both sides of the electrolyte as a 

current collector, and silver wire was used as the lead wire. 

Then electrolyte samples were put in a testing furnace and tested 

in a wet air (3% H2O) atmosphere at 300◦C–700◦C. The ASR of 

laser- and furnace-sintered BCZYYb electrolyte was measured 

by potentiostat EIS spectra of a Reference 600 Plus (Gamry In-

struments) with a signal amplitude of 10 mV in the frequency 

range of 0.05 Hz–5 MHz.

Single-cell testing

All cells used silver paste as a current collector and silver wire as 

the lead wire using the four-point probe measurement techni-

que. Ceramabond (552-VFG-1239, AREMCO) was used to 

mount and seal the single cell on an alumina testing rig. PCFC 

single cells were first heated to 100◦C at a rate of 2◦C/min and 

held for 1 h and then heated to 300◦C at the same ramp rate 

and held for another 1 h to cure the sealant. After that, cells 

were increased to 550◦C at a ramp rate of 1.5◦C/min. Both the 

anode and the cathode were exposed to stagnant air during 

the heating process. H2 at 5% (balance with Ar) and at 

20 mL/min was fed into the anode through a room temperature 

water bubbler for the first 6 h and then switched to 20% H2 (bal-

ance with Ar) for another 4 h. After that, the pure hydrogen was 

fed to the anode for 1 h. Air was swept over the cathode at 

200 mL/min. After reduction, the temperature was increased to 

the highest required temperature at a rate of 2◦C/min, at which 

point the required electrochemical data were collected. The per-

formance of single cells was assessed by a Reference 3000 

(Gamry Instruments) with cyclic voltammetry, potentiostat EIS 

(0.05 Hz–1 MHz), and OCVs.

Stack testing

Silver paste and silver mesh were used as a current collector 

using the four-point probe measurement technique. The single 

cells in each segment of stack were wired together, anode to 

cathode, in series using silver mesh, with the gaps between 

them sealed with Ceramabond (552-VFG-1239, AREMCO), 

and silver wire used as a lead wire. All cells in series were 

sealed on an alumina testing set. The temperature ramp-up 

process was the same as for single-cell testing. H2 at 5% (bal-

ance with Ar) and at 100 mL/min was fed into the anode 

through a room temperature water bubbler for the first 6 h 

and then switched to 20% H2 (balance with Ar) for another 

4 h. After that, pure hydrogen was fed to the anode for 1 h. 

Cathodes were exposed to stagnant air. After reduction, the 

temperature was increased to the highest required tempera-

ture at a rate of 2◦C/min, at which point the required electro-

chemical data were collected. The performance of single-cell 

stacks was assessed by a Reference 3000 (Gamry Instru-

ments) with cyclic voltammetry, potentiostat EIS (0.05 Hz–1 

MHz), and OCVs.

Microstructural and crystal structure characterization

The microstructures were characterized using a scanning elec-

tron microscope (Hitachi 8230, Hitachi Ltd). Elemental composi-

tion was detected by the EDS component on the Hitachi 8230. 

The crystal structure of each protonic ceramic component film 

prepared by SLRS was characterized by X-ray diffraction 

(MiniFlex, Rigaku). Gas adsorption and desorption isotherm 

curves and BET analysis were generated by the Autosorb iQ ni-

trogen gas adsorption analyzer (Anton Paar).
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